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Summary 
Biophysical cues, such as nanotopography, have been shown to be integral for tissue 
regeneration and embryogenesis in the stem cell niche. Tissue homeostasis involves 
the interaction of multipotent cells with nano-scaled topographical features in their 
ECM to regulate aspects of cell behaviors. Synthetic nanostructures can drive specific 
cell differentiation but the sensing mechanism of nanocues remains poorly 
understood. This project seeks to use engineered extracellular matrix in the form of 
substrate nanotopography to elucidate the roles of focal adhesion kinase (FAK) and 
actin cytoskeletal contractility in the nanotopography-induced differentiation of 
human mesenchymal stem cells (hMSCs).  
 
We found that nanotopography-induced hMSC differentiation through cell 
mechanotransduction is modulated by the integrin-activated FAK. On nanogratings 
with 250nm line widths on polydimethylsiloxane, hMSCs developed aligned stress 
fibers and showed an upregulation of neurogenic and myogenic differentiation 
markers. The observed cellular focal adhesions within these cells were also 
significantly smaller and more elongated on the nanogratings compared to micro-
gratings or unpatterned control. In addition, our mechanistic study confirmed that the 
regulation was dependent on actomyosin contractility, suggesting a direct force-
dependent mechanism. The topography-induced differentiation could be observed on 
different ECM compositions but the response is independent of direct ECM-induced 
hMSC differentiation pathway. Essentially, FAK phosphorylation was required for 
topography-induced hMSC differentiation while FAK overexpression overruled the 
effect of topographical cues in cell lineage bias. The results obtained indicated a direct 
effect of FAK activity on topography-induced gene expression but less dependent on 
xii   
cell shape. Mechanistically, the findings may help explain how hMSCs can sense and 
transduce nanotopographical signals through focal adhesions and actomyosin 
cytoskeleton contractility to induce differential gene expression.  
 
In addition, nuclear changes in hMSCs due to nanotopography-induced differentiation 
were also investigated. Quantitative flow cytometry results showed significant 
changes in histone methylation (H3K9me1) and nuclear matrix protein Lamin A upon 
hMSC exposure to nanotopography, suggesting an influence of nanotopography on 
nuclear gene regulatory mechanism. 
 
Using cellular differentiation as a model, the results obtained can contribute to the 
understanding of the molecular basis of stem cells’ ability to sense the extracellular 
architecture and the transmission of these mechanical signals into a lineage regulation 
mechanism. These findings will be instrumental for efficient stem cell fate regulation 
and also for understanding diseases involving mechanical dysfunction, some of which 
includes cancer (e.g. breast cancer) and genetic malformations. 
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Chapter 1 Introduction 
1.1 Background 
1.1.1 Tissue engineering  
Prometheus, an immortal in ancient Greek mythology, was said to have stolen fire for 
human use and as a result was punished to be bound to a rock, where each day an 
eagle was sent to feed on his liver but remarkably, the liver was able to grow back for 
it to be eaten the next day. This story duly recapitulates the premise of tissue 
engineering, where a new functional replacement tissue can be regenerated by seeding 
living cells on appropriately designed scaffolds [1]. Faced with the rise of many cost 
intensive and life threatening diseases (stroke, Parkinson’s disease, Alzheimer’s 
diseases) and illnesses, there is a shortage of organ donors compared to the number of 
patients. The principles used in tissue engineering and regenerative medicine can thus 
be applied to mitigate causes of the diseases as well as to provide possible solutions to 
these challenges.  
Tissue engineering and regenerative medicine are often coined as the same field due 
to their obvious multiple areas of overlap. While tissue engineering employs 
engineering principles to generate new tissues (or functions) facilitated by the 
biological principles, regenerative medicine may not necessitate the use of 
engineering principles to restore tissue or organ function. The field has evolved by 
incorporating multiple disciplines including materials and chemical engineering, cell 
biology and surgery. This evolving biotechnology field is focused on the development 
of 3 main aspects: scaffold, cells, and biologics. An understanding of the interactions 
between these three key components will aid in the appropriate design of tissue 
engineered constructs. (Fig 1.1) 
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Figure 1.1 Schematic diagram of the principles of tissue engineering. Desired human cells are first isolated 
from the human body before cultured in vitro to increase their numbers before they are combined with 
matrices and seeded on scaffolds with biologics. Such constructs can then be transplanted back into the 
body for a specific application [2] . 
 
1.1. Stem cells and regenerative medicine 
As a result of the aging of global population, there will be an increasing burden of 
organ failure and neurodegenerative diseases. Although whole organ transplantation 
treatments have been fairly successful, it is severely limited by donor availability and 
immunological barriers. In order to generate functional tissue in vitro, a viable 
primary cell source like stem cells is essential. Stem cells are defined as cells with the 
ability to self-renew and differentiate into specialized cells in response to appropriate 
signals [3]. Because of its ability to differentiate into different types of functional 
cells, stem cells possess great value as therapeutics to regenerate and repair damaged 
tissue. Both the controlled self renewal and directed differentiation are imperative to 
the application of stem cells in regenerative medicine, which aims to provide a 
therapeutic platform by creating or controlling the extracellular microenvironment in 
    3 
order to guide tissue growth for functional recovery and/or dictate stem cells 
differentiation into the appropriate cell types. Stem cells can be broadly classified into 
embryonic stem cells (ESCs) and adult stem cells. ESCs are pluripotent cells derived 
from the inner cell mass of blastocysts with the potential to maintain an 
undifferentiated state [4]. The ESCs are hypothetically capable of regenerating all the 
cell types of the three germ layers - ectoderm, mesoderm and endoderm. Adult stem 
cells on the other hand, are derived from adult tissues and are usually multipotent, 
where the lineage is more restricted than ESCs. Recent technologies also allow the re-
programming of adult cells into pluripotent stem cells, which are referred to as 
induced pluripotent stem cells. These induced pluripotent stem cells exhibit properties 
similar to embryonic stem cells [5]. 
1.1.2 Stem cells reception to the microenvironment 
The innate multi-lineage capacity of stem cells necessitates efforts to be directed at 
regulating cell differentiation and phenotypic expression. In their in vivo environment, 
stem cell fate is controlled by a complex relationship involving intrinsic factors and 
its microenvironment known as the stem cell niche [6, 7]. When stem cells are 
removed from the in vivo stem cell niche, they can differentiate spontaneously in vitro 
but this differentiation process is inefficient, uncontrolled and often results in highly 
heterogeneous cell population. A crucial strategy of regenerative medicine is to 
understand how to control the microenvironment surrounding the cells in order to 
restore the niche equilibrium. A typical strategy is to enrich the biochemical 
environment in the in vitro culture medium with a combination of soluble growth 
factors, cytokines and /or serum proteins, to induce the stem cells to differentiate 
preferentially into a particular lineage.  However, because the signaling pathways 
required for stem cells to differentiate into functional adult cell types remains unclear, 
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the culture time, concentration, and the combination of the various biochemical cues 
to improve the differentiation efficiency are yet to be optimized. The manipulation of 
the cellular physical environment, however, has increasingly been shown to exert 
significant influence on the “stemness” of these cells. This biophysical regulation of 
cell fate is dependent on the interactions between the cell and its extracellular matrix 
(ECM), which is a reservoir of both biochemical and biophysical cues. It is now 
evident that the control of cell shape, ECM elasticity and ECM micro and 
nanotopography is able to preferentially direct stem cell lineage. 
1.1.3 Cell shape 
The shape of stem cells can determine their differentiation lineages. Using 
microcontact printing, ECM islands of varying sizes were fabricated on substrates to 
control the area of human mesenchymal stem cell (hMSC) attachment. It was 
observed that cells which adopted a flattened morphology on larger islands 
preferentially differentiated to osteoblasts while cells on smaller islands were rounded 
and showed a higher percentage of adipogenic differentiation [8]. Although the 
complete mechanisms remained unknown, the study showed that by controlling the 
cell shape through different adhesive areas, its cell fate can be manupulated through 
the physical cell shape. In another similar study, hMSCs were made to adopt different 
morphological shapes with different intracellular actomysoin contractility [9].  
Interestingly, hMSCs that adopted geometric features with increased actomyosin 
contractility promoted osteogenic differentiation, while cells with lowered 
intracellular contractility preferred adipogenic differentiation. These studies showed 
that cell shape is an important factor in the determination of stem cell fate. 
    5 
1.1.4 ECM elasticity 
Besides the effect of cell shape control on stem cell differentiation, early studies have 
also indicated that the mechanical stiffness of the ECM on which cell attached on/to 
also have a profound effect on cellular behavior [10]. In the context of stem cell 
differentiation, a landmark study involving hMSCs grown on polyacrylamide gel of 
different stiffness was carried out by Engler et al. Cells were able to change their 
mechanical properties in response to the underlying gel stiffness. In addition, it was 
shown that the differentiation lineage of hMSCs was dependent on the stiffness of the 
underlying gel. The hMSCs that were attached onto a stiffer gel showed osteogenic 
bone-like differentiation while cells on a softer gel preferred neurogenic 
differentiation. The study showed that stem cells could sense the physical properties 
of their ECM and an appropriate physical microenvironment is necessary to regulate 
stem cell fate. 
1.1.5 ECM micro and nanotopography 
During natural tissue development, cells are interacting with various nanoscale 
topographical and biochemical cues in their microenvironment [11]. Weiss and 
Garber described the effect of contact guidance, the role of ECM structure in cell 
orientation and migration, more than fifty years ago [12].  Curtis also proposed the 
influence of microtopography on cell behavior in 1964 [13], which has also been 
extensively studied ever since.  Recent findings underscore the phenomenon that 
mammalian cells respond to nanoscale features on synthetic surfaces, and the topic 
has been described in several recent reviews [14-18].  Using electron beam 
lithography, Dalby et al. have shown that random nanotopographies (100nm nanopits) 
were better than ordered ones in inducing the MSCs to differentiate towards an 
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osteogenic lineage [19], showing bone specific markers and mineralization on these 
nanotopographies. In yet another study by the same group, a controlled disorder 
nanopit topography was fabricated by electron beam lithography [20]. It was termed 
NSQ50 with pits in a near square arrangement, 300nm centre–centre spacing and was 
used as a scaffold to direct osteoblast differentiation of human bone marrow 
osteoprogenitor cells. Their results showed that in addition to substrate topographical 
cues, stem cells were also sensitive to nanostructure regularity, and that the symmetry 
of structures had significant influence on stem cell differentiation.  
In one such study by Yim et al., the proliferation, alignment, elongation and 
differentiation of hMSCs on the nanograting axis were studied [21]. Gratings with 
line widths of 350nm, 1µm and 10µm on PDMS were used to study the differentiation 
of human hMSCs into neuronal lineage, with or without biochemical induction (i.e. 
retinoic acid). It was observed that the effect of nanotopography on the upregulation 
of neuronal marker was higher as compared to retinoic acid induction alone. This 
study also demonstrated the potential of using nanotopographies alone to 
preferentially differentiate MSCs to other lineages in addition to the mesenchymal 
lineage. While the importance of topographical cues may vary for different cell 
lineages, its relevance is increasingly unquestionable.   
The use of physical cues in the ECM to control stem cell fate is an emerging field 
with great potential, but a fundamental understanding of the cell-substratum 
interaction will be required to understand and reconstruct the stem cell niche. It is 
noteworthy that the exact mechanism of how cells sense topographical features in 
their ECM and transducer these physical cues into differential gene expression 
remains unknown. This understanding will aid not only in the optimization of stem 
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cells in tissue engineering, but also will provide new perspectives on stem cell biology 
for the advancement of regenerative medicine.  
1.2 Research aims and hypotheses  
The general objective of the study is to use engineered extracellular matrix in the form 
of substrate nanotopography in combination with a cellular traction force 
measurement device to characterize and understand how hMSCs transduce 
topographical cues, resulting in a preferential lineage. Specifically, the project would 
like to investigate the role of key components in the mechanotransductive pathway, 
focal adhesion kinase (FAK), extracellular matrix coating and actin cytoskeletal 
contractility in the topography-induced differentiation of human mesenchymal stem 
cells (hMSCs). The effect of nanotopography on nuclear histone and lamin protein 
expression is also characterized to provide a more holistic understanding of stem cell 
sensing of the underlying nanotopography. 
1.2.1 Hypotheses (Figure 1.2) 
1) Topography regulates hMSC differentiation in vitro via mechanical forces 
through a mechanotransductive process, mediated through the actomyosin 
contractility. The cellular traction force exerted by hMSCs on topography and 
unpatterned substrates are different, leading to a difference in gene expression. 
2) Topographical features modulate clustering, and in turn the phosphorylation of 
FAK, which regulates the actin cytoskeleton contractility and elicit a 
differential gene expression in hMSCs. 
3) The phosphorylation activity of FAK in topography sensing is spatially and 
temporally regulated. 
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4) Nanotopography-induced hMSC differentiate through the modulation of the 
biophysical regulation of histone methylation and nuclear lamin expression. 
1.2.2 Specific aims 
Aim 1: To understand the role of actomyosin contractility in topography-induced 
hMSC differentiation in order to establish the effect of topography as a force-
mediated process and to develop and characterize the cellular traction force 
temporally using micro post pillars array providing anisotropic rigidity cues, 
recreating topographical gratings effect stimulation 
Aim 2: To characterize the effect of the grating widths on hMSC focal adhesion 
formation and the effect of extracellular matrix coating on FAK phosphorylation and 
neuronal gene expression in hMSC. 
Aim 3:  To characterize the spatiotemporal role of FAK in topography-induced hMSC 
differentiation using gain and loss mutations of FAK phosphorylation  
Aim 4: To characterize the expression of H3K9me1 and Lamin A/C in topography-
induced hMSCs differentiation 
 
Using cellular differentiation as a model, the results obtained can contribute to the 
understanding of the molecular basis of stem cells’ ability to sense the extracellular 
architecture and the transmission of these mechanical signals into a lineage regulation 
mechanism. These findings will be instrumental for efficient stem cell fate regulation 
and also provide some understanding of diseases involving mechanical dysfunction. 
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Figure 1.2 Schematic overview of project hypotheses. The external topographical signals is hypothesized to 
induce changes in integrin clustering which in turn affects the phosphorylation activity of FAK and 
subsequently the actin cytoskeletal contractility to regulate hMSC gene expression. 
1.3 Research Program 
Specific Aim 1: To understand the role of actomyosin contractility in topography-
induced hMSC differentiation in order to establish the effect of topography as a force-
mediated process and to develop and characterize the cellular traction force 
temporally using micro post pillars array providing anisotropic rigidity cues, 
recreating topographical gratings effect stimulation 
Actomyosin contractility has been shown to be important for stem cell sensing of 
matrix rigidity [22] and shape-dependent cell fate regulation [23]. It still remains 
debatable if the effects of topography architecture are a result of matrix rigidity. In 
order to determine if the topography-induced hMSC differentiation occurs via a direct 
mechanotransduction mechanism, it will be imperative to first understand the role of 
actomyosin contractility in the transmission of topographical signals. We hypothesize 
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The differentiation profile of neurogenic and myogenic gene expression markers will 
be compared under the effect of various pharmacological inhibitors for actomyosin 
contractility 
a) hMSCs actomyosin contractility will be compromised using two different 
inhibitors, a non-muscle myosin II inhibitor Blebbistatin and a selective 
inhibitor of Rho-associated protein kinase p160ROCK, Y-27632.  
b) Using the differentiation model system, both neuronal and myogenic 
differentiation lineages will be verified. The expression of lineage specific 
markers will be assessed using immuno-fluorescent staining and RT-PCR 
while the effect of actomyosin contractility in topography cell shape 
modulation will be analyzed using phalloidin f-actin staining.  
c) Neuronal differentiation will be analyzed with key gene expression markers 
like microtubule associated protein 2 (MAP2), neurofilament-light (NFL), 
nestin and tyrosine hydroxylase (TH) while myogenic gene expression 
markers like Pax3, Collagen IV , desmin and myogenin (MYOG) will be 
investigated.  
d) For a quantitative measurement of cellular traction forces induced by 
topographical gratings on hMSCs for cellular differentiation, a substrate 
containing an array of microposts with anisotropic dimensions will be 
fabricated using soft lithography. hMSCs will be cultured on the microposts 
and verified for neuronal and myogenic differentiation using RT-PCR. 
Cellular traction force measurement on such elliptical pillars were previously 
documented [24]. The concept can be similarly employed to give a quantitative 
cellular force analysis for hMSCs that were elongated on these anisotropic pillars. The 
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observations obtained will be analogous to topographical gratings as compared to 
spread out cells on isotropic pillars as if they were seeded on a unpatterned substrate. 
 
Specific Aim 2: To characterize the effect of grating width on hMSC focal adhesion 
formation and the effect of extracellular matrix coating on hMSC FAK 
phosphorylation and neuronal gene expression. 
Focal adhesions (FA) are a class of macro, dynamic integrin-mediated protein 
complexes that includes various actin-associated matrix adhesions like vinculin and 
paxillin. The size of FA is indicative of cellular traction force exerted on the 
underlying substrate. Upon integrin clustering at FA sites, one of the signaling 
elements, FAK is recruited and activated. Activated FAK functions downstream of 
α5β1 clustered integrins [25, 26] in the regulation of FA turnover and cytoskeletal 
stress fibers. Thus, it was postulated that changes in FA can be observed when stem 
cells are under the effect of topography for cell fate regulation. 
a) hMSCs will be cultured on gratings with different sizes, each representative of 
a micro and nanoscale sample for a comparative study of FA size modulation 
on different size substrates.  
b) The distribution and size of FA protein component paxillin was visualized 
using immuno-fluorescent staining. Images were captured using a confocal 
microscopy and the area of FA was quantified manually using ImageJ. The 
average FA area and elongation was then compared across the different 
samples. 
c) The effects of nanotopography on the phosphorylation of 397FAK will be 
investigated. 
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d) Selected characteristic ECM coatings will be used to investigate the effect of 
ECM on nanotopography-induced hMSC neuronal differentiation using RT-
PCR gene expression. The 397FAK phosphorylation levels in cells on different 
ECM coatings will also be characterized. 
 
Specific Aim 3: To characterize the role of FAK spatially and temporally in 
topography-induced hMSC differentiation using gain and loss of FAK 
phosphorylation  
To elucidate whether 397FAK phosphorylation activity play a role as a key regulator of 
topography-induced differentiation, a 397FAK site specific small molecule inhibitor, 
PF573228 [27] will be used to inhibit the effects of FAK in mechano-signal 
transduction. The efficacy of the small molecule inhibitor on hMSCs will first be 
verified using western blot analysis on both PF573228 treated and untreated cells. 
Immuno-fluorescence staining for phosphorylated 397FAK (pFAK) will also be carried 
out to verify the pFAK expression.  
a) To investigate the vital time period crucial for topography-induced 
differentiation  
b) hMSCs will be incubated for varying periods with PF573228. After seven 
days of culture, the gene expression profile of hMSCs cultured under different 
periods of PF573228 inhibitor will be analyzed using RT-PCR. Immuno-
fluorescence staining for FA protein paxillin and f-actin staining using 
phalloidin will be carried out to observe changes in cellular morphological 
response to topography, under the effect of pFAK inhibition as a function of 
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time. Confocal microscopy will be used for the visualization of immuno-
stained proteins. 
c) The role of 397FAK phosphorylation will also be verified using a construct of 
constitutively active FAK, ‘SuperFAK’ [28]. These cells will be cultured on 
nanogratings and analyzed using quantitative PCR to determine if the 
overexpression of FAK can enhance bio-mechanically induced hMSCs 
differentiation. 
d) Neuronal gene markers will be analyzed using RT-PCR to determine if FAK is 
a key regulator in topography sensing/induced differentiation. 
e) Loss of function studies by transient transfection of hMSCs using siRNA 
targeting FAK will be carried out to verify the role of FAK in 
nanotopography-induced differentiation.  
Aim 4: To characterize the expression of H3K9me1 and Lamin A/C in topography-
induced hMSCs differentiation 
For stem cells to respond to topographical cues, they need an intrinsic fundamental 
mechanism to relate these topographical cues to regulate the genomic expression. The 
presence of a physical continuity within the cell spanning from the ECM to the 
nucleus [29, 30] shows the possibility of such a mechanism to produce a cell response 
as a result of the collective changes in multiple cellular components (e.g focal 
adhesions, cytoskeleton and nucleus). Since topography has been shown to influence 
cell fate decisions, it will be interesting to relate epigenetic changes to topography- 
induced stem cell differentiation.  
a) hMSCs will be cultured on nanogratings and unpatterned substrates to induce 
cell differentiation while characterizing changes in nuclear morphology using 
fluorescently stained cells on these substrates. 
14   
b) The levels of H3K9me1 and Lamin A/C expression in hMSCs on 
topographical substrates will be quantified and compared to unpatterned 
substrates and chemically differentiated hMSCs to identify changes within the 
nucleus under the effect of nanotopography. 
1.4 Thesis outline 
The emerging potential of physical cues in the modulation of stem cell behavior 
requires an understanding of how stem cells sense the ECM and transmit such cues to 
result in a desired cell lineage. In chapter 2, current physical methods explored to 
differentiate stem cells is reviewed with a focus on ECM micro and nanotopography. 
The fabrication methods used for generating micro and nanotopographies will also be 
introduced. More importantly, the different types of stem cells and their response to 
topographies will be critically reviewed while the possible mechanisms of 
topography-induced stem cell differentiation are also discussed. In the same chapter, 
the mechanobiology concept will also be introduced while the various methods and 
materials utilized in the different experiments will be detailed in chapter 3. Chapter 4 
will be a verification of topography-induced cell differentiation being a 
mechanotransductive process involving the actomyosin contractility while some 
ongoing aspects of quantifying cellular traction force is also discussed. In chapter 5, 
we seek to relate focal adhesion morphology to topography sizes while also 
characterizing ECM effects on topography-induced differentiation and FAK 
phosphorylation, since ECM also affects the activation and clustering of integrins, 
upstream of focal adhesion components in mechanotransduction. In the same chapter, 
we also verify the role of FAK in topography-induced hMSC differentiation and 
identified the critical time period of nanopattern sensing in these cells. Moving on 
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from the integrins to the focal adhesions and the cytoskeleton, we take a look at 
morphological and selected epigenetic changes within the nucleus in chapter 6 to 
better understand the effect of nanotopography on hMSC differentiation. As much as 
we hope for the study to be ample, we discuss the limitations and future work in the 
concluding chapter 7. 
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Chapter 2 Literature review 
2.1 Introduction 
Stem cells are defined as cells with the ability to self-renew and differentiate into 
specialized cells in response to appropriate signals [3].  Because of its ability to 
differentiate into different types of functional cells, stem cells possess great value as 
therapeutics to regenerate and repair damaged tissues. Both controlled self renewal 
and directed differentiation are keys to the application of stem cells in regenerative 
medicine, which aims to provide a therapeutic platform by creating or controlling the 
extracellular microenvironment in order to guide tissue growth for functional recovery 
and/or direct stem cells differentiation into appropriate cell types.  In their in vivo 
environment, stem cell fate is controlled by intrinsic factors and microenvironment 
known as the stem cell niche [6, 31].   This microenvironment is composed of 
extracellular matrix (ECM), which is a reservoir of biochemical as well as biophysical 
cues, of which the latter can be presented in forms of nanotopography and matrix 
stiffness.  In the last few years, attention has been drawn to the study of biophysical 
cues as increasing evidence has shown that cells are regulated not only by chemical 
signals, but also by biophysical properties of the extracellular environment. This 
chapter will discuss one such biophysical cue (the topography of the extracellular 
environment), the micro- and nanofabrication methods to engineer the topography, 
how stem cells interact with the substrate topography and critically review current 
literature on mechanistic understanding of topography-induced stem cell 
differentiation. 
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2.2 Extracellular Topography 
Cells interact with various nanoscale topographical and biochemical cues in their 
native microenvironment [11]. More than fifty years ago, Weiss and Garber described 
the effect of contact guidance and the role of ECM structure in cell orientation and 
migration [12]. In 1964, Curtis also proposed the influence of microtopography on 
cell behavior [13], which has also been extensively studied ever since.  Recent 
findings underscore the phenomenon that mammalian cells respond to nanoscale 
features on synthetic surfaces, and the topic has been described in several recent 
reviews [14-17]. 
When stem cells are removed from the in vivo stem cell niche, they can differentiate 
spontaneously in vitro but this differentiation process is inefficient, uncontrolled and 
often results in highly heterogeneous cell population [3]. A crucial objective of 
regenerative medicine is to understand how to control the microenvironment 
surrounding the cells to restore the niche equilibrium.   A typical strategy is to enrich 
the biochemical environment in the in vitro culture medium with a combination of 
soluble growth factors, cytokines and/or serum protein, to induce the stem cells to 
differentiate preferentially into a particular lineage.  However, because the signaling 
pathways required for stem cells to differentiate into functional adult cell types 
remains not fully characterized, the culture time, concentration, and the combination 
of various biochemical cues to improve the differentiation efficiency have yet to be 
optimized.  In addition to enhancing the biochemical signals, gaining a fundamental 
understanding of the cell-substratum interaction is required in order to reconstruct the 
stem cell niche.  While the importance of topographical cues may vary for different 
cell lineages, its relevance is increasingly unquestionable.   
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2.2.1 Chemical topology: Protein Patterning 
There are two main different types of extracellular topography generally used for 
controlling or inducing a desired stem cell behavior, namely physical and chemical 
topography. While we discuss the influence of physical topography in the next 
section, we first review different chemical topography and their influence on stem cell 
behaviors. The distribution and spatial organization of ECM can be achieved by 
chemical patterning.  Patterns of immobilized adhesive ECM molecules, which are 
usually surrounded by non-adhesive regions, could restrict cell growth, cell spreading 
and also geometrically modulate the cell shape.  Previous studies have demonstrated 
that the local changes in cell-ECM interaction could generate changes in the growth, 
viability and differentiation of cells, which are critical for tissue formation [32].   
Popular choices of adhesive protein include fibronectin (FN), vitronectin, laminin, 
and collagen, or the integrin-binding motif such as the arginine-glycine-asparatate 
(RGD) peptide. Inactive or non-adhesive molecules, such as poly(ethylene glycol) 
(PEG) or bovine serum albumin, can be adsorbed or immobilized to create the non-
adhesive regions. 
Patterns of various sizes ranging from tens of nanometers to hundreds of microns can 
be produced by different techniques.  Micropatterning can guide cell growth, cell 
shape and migration.  The cell shape can be controlled by growing the cells on 
isotropic versus anisotropic pattern, or through the geometry of the pattern in the case 
of single cell patterning [33].  Nanopatterning regulates cell function such as cell 
adhesion [34, 35], proliferation, gene expression, and differentiation.  Nevertheless, it 
has also been shown that the changing of cell shape by micropatterning can also direct 
stem cell differentiation [23].  
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Similar to the development of fabrication techniques for topographical pattern, 
advanced technology broadens the choice of fabrication techniques for micro and 
nanopatterning.  Examples of micropatterning fabrication techniques include 
microcontact printing (μCP), microfluidic networks, vapor deposition and 
photolithography.  In conventional μCP,  a siloxane-based elastomer stamp, made by 
soft lithography, is used to stamp a self-assembled monolayer (SAM) of hydrophobic 
alkanethiol with an end functional group onto a gold-coated surface [36]. The SAMs 
with the functional groups will then have the ability to generate well-defined surfaces 
with a broad range of characteristics.  Alternatively, various proteins can also be 
directly transferred from the PDMS stamp onto a flat substrate surface.  The only 
requirement is that the material being transferred must be able to be deposited onto 
the surface of the stamp. Another technique using a microfluidic network involves 
parallel microfluidic channels to make multi-protein patterning, in which separate 
laminar streams of adjacent fluid from independent inlets flow into a common channel 
of a microfluidic structure that mix only at their interface by diffusion [36]. 
Examples of nanoscale protein patterning include dip-pen nanolithography (DPN), 
electron beam lithography, nanoimprinting, nanoshaving and nanoscale RGD 
clustering.  Some of these fabrication techniques have already been discussed in the 
previous section. In DPN, relatively larger molecules such as immunoglobulin can be 
transferred from a cantilever probe to the substrate with nanometer-resolution. The 
transfer mechanism is similar to that of μCP.  In nanoshaving, a scanning probe 
microscope is used to selectively break surface chemical bonds using mechanical or 
electrical tip-surface interactions [37]. 
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While chemical protein patterning has emerged as an important parameter in the 
design of biomaterials for controlling stem cell behavior, physical topography remains 
as the focus for this chapter for the purpose of the thesis.  
2.2.2 Physical Topography: Surface texture 
An example of an in vivo substratum rich in nanoscale topography is the basement 
membrane. The basement membrane is a ubiquitous component of ECM that plays an 
important role in tissue development and organization.  It possesses a complex 
mixture of pores, ridges, and fibers, sizes of which are in the nanometer range. The 
~200nm thick layer separates tissues such as epithelia, endothelia, muscle fibers, and 
the nervous system from connective tissue compartments. These nanometer range 
structures were also observed in the corneal epithelial basement membrane of the 
Macaque monkey [11]. It consists of a porous membrane with a network of cross-
linked fibers, with the pores averaging 72nm and the fibers 77nm in diameter, 
respectively, while the mean elevation of these features was around 160nm.  The 
trabecular meshwork of the human cornea is another example [38], consisting of 
ECM organized into a network of beams, covered by trabecular endothelial cells. 
Similar nanoscale features can be seen in an artificial basement membrane, the 
commercially available Matrigel™ (BD Biosciences) [11], which has been widely 
used in feeder-free expansion of embryonic stem cells (ESCs). Matrigel is a 
solubilized basement membrane extracted from the Engelbreth-Holm-Swarm (EHS) 
mouse sarcoma, a tumor rich in ECM proteins. The Matrigel revealed topography of 
fibers and pores at the nanoscale when viewed using SEM, although it still remains 
debatable whether the protein hydrogel in its swollen state does provide a solid 
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structure to the cells.  Nonetheless, these nanofeatures may play an important role in 
maintaining the pluripotency of ESCs. 
Research efforts focused on utilizing nanoscale topography patterning to induce 
appropriate cell behavior and to understand the cell-substrate interaction have led to 
an increase in the number of fabrication technologies to synthetically reproduce 
biomimetic substratum topography.  These nanofabrication techniques are briefly 
discussed in the next section. 
2.2.2.1 Nanofabrication Techniques 
The advancements in micro- and nanofabrication technology enable the studies of 
cellular response to micro- and nanofeatures with a wide range of chemistry and 
topography.   Most of these technologies were developed initially for the 
microelectronic industry, but they have since been adapted to cellular studies.  
Detailed description of the micro- or nanofabrication technology has been covered in 
several excellent reviews [16, 17, 39-43]. Tables 2.1 and 2.2 summarized the 
nanofabrication techniques that were commonly used in studies of cellular response 
and stem cell niche reconstruction.  In general, the techniques can be divided into two 
categories of fabrication, mainly that of ordered features and random features.   
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Table 2.1 Nanofabrication techniques for ordered features 
Fabrication Method Resolution Features Advantages Limitations 
Electron beam 
lithography 
>3nm [44] • Pillars, wells 
• Grooves 
• Precise geometry 
and pattern 




• Small surface 
coverage 







by the template) 
[45] 
• Pillars, well, 
grooves 





• Easy to scale up 
• Ability to make 
complex 
structure 











PDMS) [48, 49] 




• Simple  
 
• Limitation on 
material 




>100nm [50] • Line, dots, 2D 
pattern 
• Precise control 
• Maskless 














>250nm [51] • 3D complex 
architecture 





• Limitation in 
choice of 
materials 
Photolithography ≥250nm [52] • Pillars, wells, 
grooves 
• Precise geometry 
and pattern 
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Table 2.2 Nanofabrication techniques for random features 
Fabrication 
Method 
Resolution Features Advantages Limitations 
Nanoporous 
membranes 
≥1nm [53, 54] • Porous membrane • Easy fabrication 
• Inexpensive 
• Precise control 





Carbon nanotubes SWNT: 0.4-2nm 
in diameter [55] 
MWNT: >2nm 
in diameter [55] 
• Woven mesh or 
vertical arrays 




• Strong, flexible 
and conductive 
• Potential 




chemical / reactive 
ion etching 


















>3nm [59, 60] • Cylindrical fibers: 
aligned / random  
• Versatility in 
material choice 









• Fibre only 






> 10 nm fibers 
[61, 62] 




• Controlled fiber 
dimension and 
morphology 





Polymer demixing Vertical ≥ 13nm 
[63-65] 











≥20nm [66] • Columns • Easy to pattern 
• Large surface 
coverage area 
• Limitation in 
geometry 
Carbon nanofibers >40nm in 
diameter[67] 






• Fiber only 
Phase separation  >50 nm fiber 
[68] 
• Porous and 
fibrous network 
• Simple 
• No special 
equipment  
• Porosity easily 
controlled 





>250nm [51] • 3D complex 
architecture 





• Limitation in 
choice of 
materials 
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Many fabrication techniques for ordered features are dependent on optical lithography 
and reactive ion etching. This can be followed by anisotropic etching or UV and glow 
discharge treatment [41]. The main drawback of photolithography is that it is 
diffraction-limited.  Its resolution is typically that of the wavelength of the light used 
for the exposure (typically > 200nm).  Electron-beam lithography can be used to 
produce nanoscale patterns, but it is expensive and time-consuming. Other methods 
such as laser ablation, X-ray lithography and dip-pen nano-lithography can also be 
used.  Nanoimprint lithography (NIL) is a mechanical lithography process, in which a 
polymer resist will be embossed with a patterned hard mold, such as a pre-patterned 
SiO2 mold.  In conventional thermal NIL, a substrate will be spin-coated with a 
polymer layer before embossing with a hard mold.  It is low-cost and can pattern 
features in large areas with a lateral resolution of <10nm [45].  In reverse imprinting, 
a polymer layer is spin-coated onto the mold only, and then transferred to a bare 
substrate by imprinting under suitable temperature and pressure [46, 69]. In addition 
to thermal NIL, UV NIL allows imprinting of UV-curable materials at room 
temperature.  With the different modes of imprints, NIL provides a wide choice of 
polymers that can be used for nanofabrication. This can prove to be particularly useful 
for cellular engineering and the reconstruction of stem cell niche.  
With a template generated by optical or mechanical lithography, the pattern can be 
replicated rapidly and easily onto elastomer such as polydimethylsiloxane (PDMS) 
with soft lithography.  However, there are limited types of siloxane polymer that can 
be used in soft lithography.  
Although most optical or mechanical lithographies are capable of generating highly 
precise and ordered features, the fabrication process can be expensive and complex. 
Fabrication techniques of random structures, on the other hand, are relatively simpler 
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and less costly.  For example, nanoislands of 13 - 95nm in height can be fabricated by 
polymer demixing based on phase separation of polystyrene and poly(4-
bromostyrene) spin-coated on silicon wafers [63].  The ability to produce different 
nanofeatures based on such phase separation phenomenon, however, would be 
limited.  
Another versatile technique of producing nanostructures for cell culture applications 
is electrospinning [59, 60].  In the electrospinning process, an electrode is placed into 
a syringe or pipette containing the polymer solution. A high voltage applied 
discharges an electrically charged jet of polymer solution onto a grounded collector 
surface. Randomly oriented fibers will be collected, forming a nonwoven mat, while 
aligned fibers can be collected using a rotating wheel, matching the rate of rotation 
with the rate of fiber deposition. Many different types of polymers can be processed 
into fibers with diameters ranging from several nanometers to tens of microns. 
Although electrospinning requires relatively simple instruments, many process 
parameters are needed to be optimized to produce the fiber characteristics of desired 
size, orientation, and uniformity without bead formation. The processing parameters 
include viscosity, evaporation rate, surface tension and conductivity of the polymer 
solution, and processing variables of applied electrical voltage and source-to-collector 
distance. 
This section described a generic overview of the nanofabrication techniques that have 
been used in studying cellular response. Nanotopography can be fabricated with 
various methods to mimic the stem cell niche with features of different size and 
geometry. With the constant rapid development of fabrication technologies, more 
choices are available in selecting substrate materials with different biochemical and 
    27 
biophysical properties, such as rigidity, allowing researchers to optimize the cell-
substrate interaction. 
2.2.3 Geometry 
A diverse variety of topological features with different shapes, organization and 
complexity can be fabricated with techniques described in the previous section.  The 
patterns have been grouped according to the top-view geometry to facilitate the 
summary and discussion of the stem cell interaction with topological patterns (Table 
2.3). 
 
Table 2.3 Classification of topological patterns according to geometry 
Class of 
geometry 
Examples of protein 
patterns 
Examples of fabricated topography 
Isotropic 






Circle Hollow circle [74] 
 
Wells Pits [72] Honey comb 
 




Lines Line [70] 
 
 







bow-tie shape [70], 
letters [77] 







2.3 Stem cells reception to substrate topology 
Stem cells are defined as cells with the ability to self-renew and differentiate into 
specialized cells in response to appropriate signals [3]. Stem cells can be broadly 
classified into embryonic stem cells (ESCs) and adult stem cells. ESCs are pluripotent 
cells derived from the inner cell mass of blastocysts with the potential to maintain an 
undifferentiated state [4]. The ESCs are hypothetically capable of regenerating all the 
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cell types of the three germ layers - ectoderm, mesoderm and endoderm. Recent 
technologies also allow re-programming of adult cells into pluripotent stem cells, 
which are referred to as induced pluripotent stem cells and they exhibit properties 
similar to embryonic stem cells [5]. Adult stem cells on the other hand, are derived 
from adult tissues.  Adult stem cells can be multipotent; hence, they can generate 
progeny of multiple distinct cell types. Progenitor cells can also be isolated from adult 
tissues, and they have the capacity to differentiate into a specific type of cells; 
nevertheless, progenitor cells are committed to a specific lineage. With the properties 
of self-renewal and differentiation, stem cells have a huge potential for biotechnology 
and regenerative medicine.   
While biochemical cues in the ECM can be presented on the substrate surface with 
specific spatial arrangement, biophysical cues can be presented in the form of 
substrate nanotopography and/or matrix stiffness.  In their in vivo environment, stem 
cell fate is controlled by intrinsic factors and microenvironment known as the stem 
cell niche [6, 31].   Meanwhile, as stem cells vary in sizes and shapes in the micron 
range, different types of stem cells require different biochemical and biophysical cues 
from their niche for their differentiation or maintenance. Thus, it is not surprising to 
see that various type of stem cells do respond to topology at the micro- and nanoscale.  
Even though nanotechnology is defined as the manipulation of atoms and molecules 
in nanometer scale range of <100nm; nevertheless, as the focus of this chapter is not 
on the quantum effect of the materials but the cells’ interaction with substratum 
features, stem cells’ response to sub-cellular scale topography of >1000nm will also 
be discussed in this chapter to give a more holistic description of the field.  In this 
section, we will discuss how surface topology, in particular the role of topographical 
cues (with a focus in gratings), affects the maintenance and differentiation of 
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embryonic stem cells and adult stem cells such as mesenchymal stem cells (MSCs) 
and neural stem cells/ neural progenitor cells (NSCs/NPCs).  
2.3.1 Embryonic Stem Cells (ESCs) 
Embryonic stem cells are pluripotent cells that were extracted from the inner cell 
mass of a pre-implantation blastocyst [78].  Although the extraction and culture 
methods of ESCs may differ, all ESCs share five characteristics: long-term self-
renewal capacity, multi-lineage developmental potential, normal euploid karyotype 
maintenance over extended culture, cell-specific marker expression, and telomerase 
activity [79, 80]. These shared characteristics make ESCs unique and are the reason 
behind their enormous potential as an unlimited cell source for tissue engineering, 
regenerative medicine, drug discovery and testing [81].  Therefore there is also a push 
to direct the differentiation of ESCs into a specific terminally differentiated cell type. 
The current approaches to achieve this end goal are to use a ‘differentiation medium' 
and/or embryoid body formation [82-84].  The differentiation media often contains 
serum and chemicals, like retinoic acid, and does not include the requisite growth 
factors in the maintenance medium, like fibroblast growth factor 2 (FGF2) or LIF.  
Embryoid body formation can be achieved with multiple protocols like the hanging 
drop method, the spin down method, and by suspension culture. 
At present, ESC proliferation and differentiation are predominantly directed using 
biochemical cues from growth factors and the ECM; however, topographical cues also 
influence ESC lineage commitment.  In the following section, the effect of 
topographical cues on ESC proliferation and differentiation will be discussed.   
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2.3.1.1 ESCs on Grating-like Structures 
Grating-like topographies cause cells to become elongated.  In the case of ESCs, this 
elongated morphology appears to be a cue for the ESC to differentiate.   This has been 
shown by at least two studies which have demonstrated that differentiation is 
enhanced when a grating-like topography is used without differentiation medium, and 
an even greater enhancement is observed when differentiation media is used in 
conjunction.  
The efficacy of topographical cues to induce differentiation was recently shown by 
Markert et al. [85]. This group used the BioSurface Structure Arrays [86] to screen 
the effect of 504 distinct topographical structures on murine ESCs.    This array was 
etched onto a silicon wafer using standard lithography, before being sputter coated 
with titanium oxide.  This array contained a series of shark-skin structures which were 
formed by alternating lines of bars with lateral sizing ratios of 1:4 and 2:3.  The lines 
and the bars were separated by 1μm, and the lateral size unit varied from 1μm to 8μm. 
Even though the culture took place in expansion media which contains Leukemia 
inhibitory factor (LIF), the shark-skin structures promoted differentiation of the 
mouse ESCs as indicated by a decrease in alkaline phosphatase staining intensity, and 
an increase in cell elongation and colony spread. 
Independently, Smith et al. also demonstrated that grating-like topographies promote 
mouse ESC differentiation [87].   Using a phase separation technique, this group 
created poly(L-lactic acid) (PLLA) matrices with nanofibrous architecture which had 
diameters ranging from 50 - 500nm.  They then compared the effect of the PLLA 
matrix on mouse ESCs to the more conventional culture surfaces, gelatin-coated 
tissue-culture polystyrene and PLLA film. When mouse ESCs were cultured on these 
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three platforms with differentiation media or osteogenic media, which contained 
osteogenic supplements, the ESCs were observed to spread more on the nanofibrous 
matrix and to have an increase in early lineage and osteogenic markers. More 
specifically, they observed a greater increase in the expression of brachyury, β1 
integrin, Runx2, osteocalcin and sialoprotein, and a decrease in nestin, as compared to 
flat films and the tissue-culture plastic control. 
In a more recent study, Lee et al. showed that human ESC that were seeded on 250nm 
nanogrooves could be differentiated into the neuronal lineage after 5 days in the 
absence of differentiation-inducing agents, showing an upregulation of neuroD1 
marker and the expression of neuronal markers including Nestin, Beta tubulin III and 
microtubule associated proteins 2 [88]. This was consistent with another independent 
study where hESCs were seeded on a multi architectural chip (MARC) containing an 
array of topographies to screen for optimal surfaces for neuronal differentiation [89]. 
It was found that anisotropic patterns like gratings could promote the neuronal 
differentiation of hESCs while isotropic patterns like pillars and wells promoted glial 
differentiation instead. The differentiation is also dependent on the topography feature 
size in each case. Chan et al. carried out neuronal differentiation on 2µm size gratings 
using hESCs and demonstrated that the temporal application of topography can 
improve the cells neuronal differentiation without neurotrophic signals [90]. 
 
2.3.2 Mesenchymal Stem Cells (MSCs) 
Mesenchymal stem cells (MSCs) are stem cells of mesodermal origin that can be 
derived from the adult bone marrow. MSCs are multipotent in nature, capable of 
differentiating into osteoblasts, myoblasts, adipocytes, chondrocyte and skin [91-94]. 
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It is now widely accepted that MSCs stimulate host recovery and regeneration through 
the secretion of numerous proregenerative factors. In vitro studies have documented 
the secretion of multiple anti-inflammatory, angiogenic, neurotrophic, 
immunomodulatory, and antifibrotic factors from MSCs [95]. This therapeutic 
potential of MSCs could be tapped by enhancing the proliferation and directing their 
differentiation. The most common strategy used is a combination of growth factors / 
biochemical cues like bone morphogenetic protein 6 and transforming growth factor 
β3 for chondrogenic differentiation; ascorbic acid and dexamethasone for osteogenic 
differentiation; 5-azacytidine for myogenic induction; microRNA-21 (miR-21) and 
dexamethasone for adipogenic differentiation; retinoic acid for neuronal 
differentiation [21, 96-98].  Nevertheless, various studies have shown nanotopography 
alone can enhance proliferation and/or induce differentiation of MSC [19, 21, 23, 99]. 
2.3.2.1 MSCs on Grating-like Structures  
Generally grating-like topographies have been shown to induce differentiation in 
MSCs. In one such study by Yim et al, the proliferation, alignment, elongation and 
transdifferentiation of human MSCs on the nanograting axis were studied [21]. 
Gratings with line widths of 350nm, 1µm and 10µm on PDMS were used to study the 
transdifferentiation of human MSCs into neuronal lineage, with or without retinoic 
acid induction. They have successfully shown that the effect of nanotopography on 
the upregulation of neuronal marker is higher compared to the retinoic acid induction 
alone. In another interesting comparative study of different patterns by Martino et al., 
uniform grids and grooved nanopatterns on hydrogenated amorphous carbon film 
were compared for the differentiation of human bone marrow derived MSCs (huBM-
MSCs) into osteogenic and adipogenic lineage [100]. These grooved nanopatterns 
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exerted a higher effect on differentiation of huBM-MSC into osteogenic lineage due 
to the alignment and elongation cues presented by the grooves. 
2.3.2.2 MSCs on Pillar-like Structures  
Similar to ESCs, pillar-like patterns favor the proliferation of MSCs.  However, the 
optimal size of the pillar-like feature for MSC proliferation appears to be dependent 
on the species.  In the case of human MSCs, at least two studies have shown that the 
optimal feature size for adhesion and proliferation is 200nm.  Khor et al. showed that 
human mesenchymal progenitor cells cultured on poly(styrene)-block-poly(4-
vinylpyrindine) diblock copolymer with pillars of average height 6nm and width of 
200nm resulted in an increased number of cell aggregates as compared to the smooth 
surface control on the first day post seeding [101].  Interestingly, by day 7, the human 
MSCs cultured on these pillar structures had a flattened and cuboidal morphology 
with prominent and large adhesion sites and a diffused actin filament structure, which 
was quite different from the flattened and bat-like structure of the MSCs on the 
unpatterned mica surface. Similarly, Dulgar-Tulloch et al. demonstrated that 200nm is 
the optimal feature size for human MSC adhesion and proliferation [102]. They 
cultured the human MSC on alumina and titania, whose surface was patterned with 
grain-like structures.  This group also showed that the 200nm grain size was the most 
favorable for human MSC proliferation, independent of the surface chemistry, the 
surface roughness, and the crystal phase. When the grain size was increased to 
1500nm, there was a decrease in the proliferation rate; however the 1500nm 
proliferation rate was still better than the proliferation rate when the grain size 
decreased to 24nm or 50nm. The optimal topographical features seem to be different 
for proliferation of rat MSCs cultured on titanium oxide nanotubes. Park et al. have 
demonstrated that rat MSCs have increased adhesion, spreading, motility and 
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proliferation when cultured on these TiO2 nanotubes with a diameter of 15nm [103].  
These 15nm titanium oxide nanotubes also increased the osteogenic differentiation of 
the rat MSCs when cultured in induction media.  However, when the tube diameters 
increased to 50nm and larger, the conditions became unfavorable to rat MSC culture 
and resulted in low cell attachment and apoptosis. The TiO2 nanotubes with 15 nm 
diameter also showed optimal osteogenic differentiation of rat MSCs when cultured in 
osteogenic differentiation media. 
Engel et al. studied the human MSCs lineage commitment by varying the cell shape 
using topography. These human MSCs were cultured on microstructures in the range 
of 50µm to 100µm, imprinted on poly (methyl methacrylate) abbreviated as PMMA 
[17, 104]. When human MSCs are allowed to adhere, flatten and spread, they undergo 
osteogenesis, whereas compact, round cells become adipocytes [23]. It was observed 
that round pillars, 50µm width and 1µm height, aided adipogenic lineage 
differentiation while square pillars 2mm in width and 1μm in height, promoted 
osteogenic transition by changing the morphology of the cells to slightly elongated or 
star shape respectively. Cell shape is said to regulate the switch in lineage 
commitment of human MSCs, by modulating endogenous RhoA activity. It was also 
demonstrated that the heights of topographical features could affect stem cell 
differentiation. In a study conducted by Terje et al., titanium nanopillar structures of 
near hexagonal order with varying heights of 15nm, 55nm or 100nm on titanium 
surfaces were synthesized by anodization through a porous alumina mask [105]. 
Osteogenic differentiation of human MSCs grown on these titanium structures was 
observed.  The 15nm high topographical features resulted in the most significant bone 
matrix nodule formation after 21 days of culture in comparison to the pillars of sizes 
55nm and 100nm. In this study, the authors demonstrated that the stem cell behavior 
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is a function of pillar heights and not of the size and spacing. The parameter will serve 
as another important guiding parameter to consider when designing a scaffold for 
MSC differentiation.  
2.3.2.3 MSCs on Complex Structures 
There have emerged three different approaches toward the formation of nanofibrous 
materials: self-assembly, electrospinning and phase separation.  
A substantial three dimensional (3-D) network of nanofibers scaffold formed by the 
self-assembly of peptide-amphiphile (PA) molecules was fabricated by Hosseinkhani 
et al. [106]. The chemical structure of Peptide amphiphile contains RGD, a Glutamic 
acid (Glu) residue, four Alanine (Ala) and three Glycine (Gly) residues (A4G3), 
followed by an alkyl tail of 16 carbons.  This PA is capable of self-assembly into 
sheets, spheres, rods, disks, or channels depending on the shape, charge, and 
environment. The fate of rat MSCs seeded on these nanofibers was then investigated. 
Improved cell attachment, significantly higher alkaline phosphatase activity and 
higher osteocalcin were observed for the rat MSCs seeded on PA with RGD 
compared to those grown on tissue culture plastic. 
Comparable studies have also been carried out with differentiation of MSCs on 
electrospun fibers. Dang et al. fabricated a thermosensitive electrospun fiber scaffold 
that could be coupled with the drug encapsulation capacity of electrospinning to serve 
as a multi-functional platform to encapsulate growth factors as well as providing 
suitable topographical cues [107]. Thermosensitive polymers have a lower critical 
solution temperature (LCST) below which they are hydrophilic and water soluble. 
When the temperature is increased above the LCST, they become hydrophobic and 
water insoluble.  In this study, hydroxy-butyl chitosan, a thermosensitive material 
were electrospun into nanofibers, with an average diameter of 437nm, and myogenic 
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induction of human MSCs was observed in response to topographical features without 
differentiating medium. This technique is beneficial in enabling us to differentiate 
MSCs as well as harvest the differentiated cells as a cell sheet without disrupting the 
cell-ECM and cell-cell interaction. 
The significance of a combinatorial approach using both topographical cues and 
chemical cues in order to upregulate the neuronal markers has also been demonstrated 
by Prabhakaran et al. In their study, electrospun poly (L-lactic acid)-co-poly-(3-
caprolactone)/Collagen (PCL/Col) nanofibrous scaffolds were used to study the 
transdifferentiation of bone marrow derived MSCs. The fiber diameter was in the 
range of 230 ± 31nm and neural induction factors like BDNF, EGF, and β-
mercaptoethanol were used [108].  The mechanism behind transdifferentiation in 
response to nanotopographical cues has yet to be unraveled. Nonetheless, these 
studies contribute to materializing the enormous potential for the generation of 
functional neurons from patient derived mesenchymal stem cells.  
Having discussed about the topographies and how geometry could affect proliferation 
and differentiation of MSCs, it is interesting to understand how the symmetry of a 
topographical pattern can affect stem cell fate. Dalby and co-workers have shown that 
random topographies were better than ordered ones in inducing the mesenchymal 
stem cells to differentiate towards an osteogenic lineage [19]. In yet another study by 
the same group, a controlled disorder nanopit topography was fabricated by electron 
beam lithography [20]. It was termed NSQ50 with pits in a near square arrangement, 
300nm centre–centre spacing and was used as a scaffold to direct osteoblast 
differentiation of human bone marrow osteoprogenitor cells. Their results showed that 
stem cells were sensitive to nanostructure regularity, and that the symmetry of 
structures had significant influence on stem cell differentiation. There has been one 
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study by Khor et al. who showed that a complex topography pattern also described as 
‘worm-like’ is able to support the proliferation of human MSCs. These patterns were 
fabricated by the assembly of poly (styrene)-block-poly (2-vinylpyrindine) diblock 
copolymer material on mica.  This study showed that these ‘worm-like’ patterns of 
average height 3.2nm and average width 160nm, yielded even higher numbers of cell 
aggregates as compared to a pillar-like topography on a similar material.  The 
morphology of these human MSCs, however, was quite different from that on the 
pillar-like surface and smooth surface, exhibiting a more elongated morphology with 
parallel actin bundles and smaller adhesion sites. It was postulated that these worm-
like patterns forced the cells into high tension, which allowed the microtubules to 
distribute homogenously throughout the cell, thus better supporting smaller adhesion 
sites for enhanced motility [101]. 
In this section, we have tried to recapitulate the importance of topography in MSC 
proliferation and fate regulation by various topographies and showed that topography 
were able to supersede the effect of biochemical cues but the overall outcome seems 
to be dependent on the species, cell type and topography. The next section will 
discuss about neural stem cells and neural progenitor cells giving a concise overview 
of stem cells and their interaction with topographies. 
2.3.3 Neural stem cells (NSCs)/ neural progenitor cells (NPCs) on 
grating like structures 
Neural stem cells are multipotent stem cells and are present in both developing and 
adult central nervous system. The NSCs are capable of self renewal and 
differentiation into astrocytes, oligodendrocyte and neurons while the NPCs are 
lineage restricted and only capable of fewer divisions. The three major types of 
progenitors found in the adult human brain are ventricular zone neural progenitors, 
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hippocampal neuronal progenitor cells and white matter glial progenitors [109-116]. 
Many studies have been done to direct differentiation of NSCs/ NPCs to neural cells 
using co-culture systems or biochemical cues like fetal bovine serum for NSC 
differentiation to astrocytes; Nerve growth factor, retinoic acid and laminin with a 
combination of Sonic hedgehog for neuronal differentiation. Topographical cues have 
also been utilized to differentiate NSCs, often working synergistically with 
appropriate biochemical cues. Recknor et al. have studied the effect of topography on 
neural differentiation of adult rat hippocampal progenitor cells (AHPCs) on 
micropatterned polystyrene substrates, chemically modified with laminin [117]. When 
these AHPCs were co-cultured along with the astrocytes on the micropatterns, the 
percentage of neuronal differentiation and the neurite outgrowth showed a clear 
increase, suggesting a synergistic effect of nanotopography and the biochemical 
factors secreted by the astrocytes. The orientation of the AHPCs on the 
micropatterned substrate seemed to depend on the alignment of the astrocytes with the 
micropattern. The effect of topography as contact guidance has been studied 
extensively with a focus on axonal guidance and neuronal regeneration.  It was 
observed that in addition to serving as contact guidance, topography can also affect 
the proliferation and differentiation of NSCs.  One study done by Christopherson et 
al, found that electrospun polyethersulfone fiber mesh coated with poly-L-ornithine 
and laminin will allow for the maintenance of rat hippocampus-derived adult NSC 
[118].  This study showed that as the diameter decreased from 1452nm to 283nm, the 
proliferation and spreading of the NSCs increased and aggregated less. However, the 
proliferation rates of the NSCs on the fiber mesh was still lower than that of the 
tissue-culture polystyrene flat surface control. The fibers instead were better at 
promoting differentiation when the NSCs were cultured under differentiation 
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conditions, where they were cultured in the presence of fetal bovine serum and 
retinoic acid. They analyzed the oligodendrocyte and neural differentiation of rat 
hippocampus derived neural stem cells seeded on nanofibers of various sizes. It was 
observed that in the presence of 1µM retinoic acid and 1% fetal bovine serum, rat 
NSCs showed a 40% increase in oligodendrocyte differentiation on 283-nm fibers and 
20% increase in neuronal differentiation on 749-nm fibers, in comparison to tissue 
culture polystyrene surface. This study showed the significance of fiber topography 
and fiber dimension in regulating rat NSC differentiation as well as proliferation. A 
summary of the various topographies on the different stem cells and their lineage 
preference is shown in Table 2.4. 
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Table 2.4 Effects of topography on stem cell differentiation. 
Stem cell Differentiation Pattern used Source 
Embryonic 
stem cells 




Biosurface structured arrays [119] Mouse 
Cardiac cells Circular Microdomains [120] Mouse 
Osteogenic lineage Nanofibrous matrices [87] Mouse 
Mesenchymal 
stem cells 
Neuronal lineage Gratings [21] Human 
Neuronal lineage Nanofibrous scaffolds [108] Human 





Grooves and Grids [100] Human 
Osteogenic and 
adipogenic 




Osteogenic lineage Random topographies [19, 121] Human 
Bone regeneration Titania nanopillar structures [105] Human 
Osteoblast 
differentiation 









Nanofibers [118] Rat 
Neuronal 
differentiation 
Nanofibers [122] Murine 
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2.4 Making sense of the physical cues in the extracellular matrix – 
Mechanotransduction 
2.4.1 Cell shape – a regulator of biological processes 
For anchorage dependent stem cells, the topographical approaches to control stem cell 
processes like proliferation and differentiation involves the precise control of cell 
spreading. In a pioneering study by Folkman and Moscona in 1978, cell shape was 
found to be linked intimately to DNA synthesis and growth in cells [123]. Changes in 
cell shape was also deemed to be a possible mechanism for myocardial development 
[124] and also the growth and differentiation of capillary endothelial cells [125].  
With regards to stem cells, the previous sections have shown numerous studies that 
stem cell lineage can be dictated through the use of engineered topographical features 
(both geometric patterning or topographical cues) to regulate their cell shape. The 
manipulation of the physical stem cell shape using engineered extracellular 
topographical features can result from the subsets of effects including altered adhesive 
interactions, although the exact mechanism remains unknown.  It is important to 
recognize that the effects of cell shape on intracellular signaling pathways appears to 
be of higher complexity than adhesion signaling alone [126]. We will discuss the 
components of the adhesion signaling pathway with a focus on the cytoskeleton and 
its postulated mechanism for translating these topography-derived signals in the 
extracellular matrix into patterns of gene regulation in the nucleus for stem cell 
differentiation.  
Stem cell differentiation can result from biochemical cues, structural cues, or likely a 
combination of both. The structural cues from topography changes the orientation of 
the cells, reorganizes its body, shape and functional state [127-129]. Studies 
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employing simplistic 2D topography models to mimic native ECM demonstrated that 
mechanical cues do play an important role in regulating stem cell differentiation. 
Intriguingly, the cells must have an intrinsic fundamental mechanism to sense the 
underlying substrate topography, generating mechanical signals that are translated by 
intracellular signaling pathways before ultimately regulating the genomic expression 
and cell function [130]. This is also known as mechanotransduction. The postulated 
theories to model how modifications in the mechanical environment can elicit a 
cellular response are extensively discussed in the respective papers [131-135], 
however one important aspect of the theories is the existence of a continuous physical 
connection from the ECM to the nucleus. The presence of such a physical continuity 
will allow cellular structural rearrangements to result in gene regulation, such as 
topography-induced stem cell differentiation.  
2.4.2 Mechanotransduction – A direct mechanism is too simple 
Mechanotransduction involves a complex interplay of different cellular organelles and 
components (e.g. focal adhesions and cytoskeleton) that by themselves are highly 
dynamic in vivo, making the process more convoluted [136]. However, advancement 
of experimental techniques has helped to provide increasing understanding to the 
mechanism and it appears that cellular components such as integrins, focal adhesions 
and cytoskeleton collectively play important roles in topography-induced cellular 
behavior [136-138]. 
The topographical extracellular signals have to be transduced from the ECM to the 
nucleus, where the genome can be regulated as a response to the extracellular signals. 
Although various other indirect and chemical mechanisms have also been postulated 
(e.g. G-proteins, ion channels), we have limited our discussion to a direct transmission 
44   
of forces (via cellular organelles) to the nucleus as a mechanism for gene regulation 
[29]. Under the effect of nanotopography, the physical substrates do exert differential 
mechanical stress onto the cells, as indicated by the cytoskeletal reorganization.  In 
this section, the important components of the mechanotransduction machinery will be 
reviewed, namely the integrins and focal adhesions, with a particular focus on the 
cytoskeleton that translates these topographical cues into secondary pathways, 
ultimately affecting stem cell differentiation.   
2.4.3 Integrins and Focal Adhesions – Inside-out and-outside in 
Anchorage-dependent cells are able to anchor onto the underlying substrate. Various 
different types of adhesions exist between cells and the ECM, differing in size, shape 
and biochemical composition. It is therefore no wonder that with a large diversity of 
adhesions, they perform different and specific functions in cells [139]. The cell-matrix 
interactions are probably the most fundamental adhesions involved in stem cells’ 
response to nanotopography. 
Cells anchor to the ECM through adhesions that are mediated by integrins. Integrins 
are heterodimeric transmembrane cell adhesion proteins that bind to specific motifs 
present on the ECM [130, 140]. In relation to nanotopography-induced stem cell 
differentiation, the change in the physical structure of the underlying substrate can 
influence this clustering of integrins and other adhesion molecules. Arnold et al. was 
able to use precise nanoscale adhesive islands to establish a relationship between 
integrin clustering, focal adhesion formation and actin stress fibers which influenced 
the adhesion and spreading of cells [34]. In fact, the maximal distance where two 
individual integrin molecules can bind is in the range of 50-70nm, showing the 
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importance of integrin clustering in the regulation of integrin mediated signal 
transduction [34]. 
Using a novel nanoscale ligand spacing gradient, the same group suggested that cells 
expressed delicate sensitivity to interparticle spacing of about 1nm, demonstrating the 
sensitivity of the cellular sensing mechanism [35]. It was also suggested that the 
sensitivity to minute variations have physiological implications where in vivo, ECM 
collagen fibers has a 67nm banding periodicity [141] and fibronectin fibers presents 
nanoscale epitopes [142, 143] . Upon binding to the ECM ligands, integrins cluster 
and activates specific signaling pathways that are important for various cellular 
functions such as migration, proliferation and differentiation.  It is therefore likely that 
the nanotopographical cues modify the extent and activation of integrin clustering as 
the initial step in the subsequent signal transduction in stem cell genomic regulation. 
In fact, stem cells in the central nervous systems seem to have high levels of β1 
integrins [144], suggesting that the modulation of integrin expression through 
topographical cues can regulate stem cell differentiation. However, the role of 
integrins in gene regulation is complex because these receptors participate in both the 
sensory and operational functions of the cellular machinery, also commonly known as 
the outside-in (sensory) and inside-out (operational) signaling activities.  The 
observed dynamics of the integrins on topography can be due to both the response of 
the cell to the underlying ECM and/or a secondary effect of the actin cytoskeleton-
focal adhesion feedback machinery. The complexity of the feedback network 
connecting the sensory and operational functions is also reflected in the highly 
intertwined integrin adhesome network [145]. 
One of the most important integrin-mediated adhesions involved in 
mechanotransduction is the focal adhesion (FA) [136, 146].  FAs play an important 
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role in linking actin cytoskeleton to the transmembrane integrins [145, 147]. The 
exact molecular nature of FAs is unclear; however, FAs are composed of a large 
complex network of adhesion molecules [139, 146]. Some of the important structural 
proteins include talin, vinculin and focal adhesion kinase (FAK). The formation and 
maturation of the FA are driven by feedback from the actin cytoskeleton and integrin 
[136].  Briefly, talin connect integrin dimers with the actin filaments before the 
recruitment of additional components in the complex [148]. The subsequent 
maturation of the complex requires a contractile pulling force generated by the 
actomyosin machinery [149, 150], which will be discussed in more details in a later 
section. For a more detailed description of the steps and mechanism of the FA 
assembly, readers can refer to an excellent review by Geiger et al. [136]. 
Topography-imparted mechanical force thus plays an important role in the promotion 
of FAs. An important component of FA, vinculin, has been shown to trigger the 
clustering of activated integrins [151]. The binding of vinculin to talin during the 
initial stages of FA assembly is shown to be force-mediated and the binding site for 
vinculin requires unfolding that is achieved by mechanical forces [152]. Similarly for 
p130cas and fibronectin, such mechanical forces can expose cryptic sites present in 
the fibronectin protein sequence that becomes available for interaction with cell 
surface receptors [143, 153, 154]. It seems that the actomyosin contractile stress that 
actin exerts on the adhesions are essential for the formation of FA. The global forces 
that are experienced by the cells under nanotopographical cues can alter such forces 
that the FAs are experiencing, ultimately changing their differentiation lineage. All 
these studies indicate that FAs play an important role in mechanotransduction, 
possibly also in regulating nanotopography-induced stem cell differentiation. 
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2.4.4 Cytoskeleton – Cell exerting forces on the underlying substrate  
Force generation by the cytoskeleton is required for cell adhesion and migration on 
ECM. The cytoskeleton consists of actin (microfilaments), microtubules and 
intermediate filaments. They form a network of filamentous protein that extends 
throughout the cell cytoplasm in eukaryotic cells. The cytoskeleton has been well 
studied where it is involved in cellular metabolism and movement ranging from 
mitosis to migration [155, 156] and an increasing amount of evidence have 
demonstrated the importance of the cytoskeleton in stem cell differentiation [22, 23].  
Different groups have tried to characterize the cellular forces that cells exert on the 
underlying substrate. An early method of cellular force measurement technique uses a 
silicon rubber membrane that deforms and wrinkles upon the exertion of force by 
adherent cells [157]. Another more recent study employs the use of an array of 
vertical elastomeric microcantilevers that bends under the exertion of contractile force 
by cells [158].  The contractile forces present in the actin stress fibers of the 
cytoskeleton appeared to be integral in modulating cellular functions like adhesion, 
migration and stem cell differentiation. The generation of contractile forces in non-
muscle cells is mediated by a class of motor proteins, the non-muscle myosin II (NM 
II). Briefly, these NM II molecules assemble into filaments which then bind to actin 
through their head domains. A conformational change elicited from ATPase activity 
enables the contraction of the actin filaments. These thick bundles of actin myosin 
crosslinked together are also known as stress fibers. A recent concept suggested that 
cells use actomyosin contractility for a two way interactions with the extracellular 
matrix. This cell contraction through the stress fibers will be resisted by the matrix at 
the sites of integrins with the subsequent recruitment of additional molecules for FA 
formation. Cells response to topography is thus not passive but rather they often are 
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able to “tune” their mechanical properties through the dynamic remodelling of the 
actin cytoskeleton.  The balance of tension at these interfacial sites allows the cell to 
sense the ECM. 
This tension mediated signaling is manifested in the reorganization of actin 
microfilaments or stress fibers with the observed alignment of these stress fibers to 
nanogratings and differential organization to the other surface features [21, 137, 159]. 
This cellular force sensing in turns leads to altered levels of Rho GTPase and MAP 
kinase activity as downstream biochemical signals for stem cell gene regulation. In a 
study by Engel et al., the use of matrices with different elasticity regulates the 
differentiation of MSCs into different lineages [160]. The use of specific NM II 
inhibitor Blebbistatin blocks all elasticity-directed lineage specification without 
strongly affecting cell function and shape significantly, providing evidence of 
cytoskeletal force generation in ECM sensing. hESCs also appeared to be aligned and 
elongated when they were cultured on nanometer scale gratings [161]. Consistent with 
the study by Engel et al., the use of NM II inhibitor disrupted the topography-induced 
morphological and proliferation of hESCs behavior.  It seems that the cytoskeletal-
mediated nanotopographical sensing mechanism is also present in human ESCs where 
mouse ESCs were sensitive to local cyclic stress that were applied to focal adhesions. 
This applied stress led to the downregulation of Oct3/4 gene expression in mouse 
ESCs, and myosin II contractility was shown to be essential in mouse ESCs’ stress 
sensitivity [162]. It is likely that stem cells interpret such changes in force signals to 
regulate their stem cell fate, although topography is probably only one of the many 
contributing factors amongst others like mechanical and osmotic stress.  
The ability of human MSCs to generate corresponding contractile forces in response 
to the stiffness of the underlying substrate suggests that the cell-generated forces is 
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dissipated within the cell on a rigid matrix [163]. This has led to the postulation that 
these cellular forces changes protein conformation, exposing binding sites that 
enables plasma membrane proteins to become functional. It seems that optimal matrix 
elasticity is crucial for a functional mechano-sensitive protein [164]. Similar force 
sensitive regulation of plasma proteins have been observed in mature cells although 
its role in stem cell regulation is largely speculative. However, a growing amount of 
evidence have demonstrated the importance of external force loading from the ECM 
[158] or actomyosin contractility [138, 165] in the formation of FAs and ECM 
sensing. The cellular force contractility induces downstream events including the 
recruitment of adhesions molecules and kinases like the mechano-sensitive focal 
adhesion kinase (FAK), subsequently triggering the activation of RhoGTPases 
(reviewed in [166]). For example, increasing ECM stiffness activates Rho [167], 
which promotes actomyosin stress fiber assembly [168], significantly changing the 
mechanical properties of the cell [169]. These stress fibers are constantly tuning its 
mechanical properties with feedback from these downstream molecules. It remains 
difficult to unravel the entire mechanism but an increasing amount of evidence directs 
the importance of cytoskeleton in mechanotransduction, possibly with a similar 
mechanism in topography-induced stem cell differentiation. 
2.5 Possible key modulators of topography-induced differentiation 
It is evident from the vast amount of literature that substrate topography, one of the 
biophysical properties of the microenvironment, can affect stem cell fate, such as the 
maintenance and differentiation of adult and embryonic stem cells. Interestingly, in 
most studies, topography seems to be able to supersede the effect of biochemical cues, 
thus the use of topography to control stem cell fate appears to be a viable strategy. 
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Although the underlying mechanism of how topography influences stem cells remains 
unknown, advancement in fabrication technology enabled synthetic topographies to 
be made with different materials, chemistries, geometries and sizes, allowing the 
systematic study of how cells sense extracellular topographical cues to identify key 
modulators. This will enable a better understanding of stem cell fate control and the 
cell sensing mechanism. For the scope of this thesis, we will review key current 
literature providing mechanistic insights of topography-induced human mesenchymal 
stem cell (hMSC) differentiation for each component of the mechanotransduction 
pathways. 
2.5.1  Integrins  
Yim and colleagues examined changes in hMSC integrin expression when cultured on 
nanopatterned substrates [170]. Using 350nm patterned or unpatterned substrates of 
different rigidities (tissue culture polystyrene (TCPS) and polydimethylsiloxane 
(PDMS)), a reduced expression of integrin subunits α2, αV, β2, β3 and β4 was observed 
on nanopatterned substrates compared to unpatterned substrates. Interestingly, the 
trend was similar on both TCPS and PDMS substrates. In addition, integrin 
expression was generally higher on TCPS than on PDMS substrates, suggesting the 
substrate surface chemistry and stiffness were also contributing factors to integrin 
expression in hMSCs. In another interesting study, collagen binding density was 
controlled to vary cell-collagen anchoring density [171]. It was shown that a lowered 
anchoring density induced an increased differentiation in hMSCs. Since the different 
collagen anchoring density could modulate integrins, the study gave indirect evidence 
on the essential role of integrins in transmitting extracellular cues. Using different 
matrix rigidity to induce osteogenic differentiation in MSCs, it was also found that the 
mechanotransduction of rigidity cues were mediated by α2 integrin [172]. 
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2.5.2 RhoA 
One of the key regulators of actin cytoskeleton is Rho GTPases [173] including Rho, 
Rac and Cdc42. An increase in the stiffness of the ECM stimulates tension through 
intracellular Rho kinase (ROCK) which in turn upregulates the level of 
phosphorylated myosin light chain [174], inducing the assembly of stress fibers, 
which changes the mechanical properties of the cell to match those of the underlying 
substrate [169]. While RhoA play important roles in ESCs differentiation [175, 176], 
possibly through cell-cell contacts, the regulation of RhoA in adult stem cells were 
mediated by cell-matrix interactions instead. 
Using microcontact printing, ECM islands of varying sizes were fabricated on 
substrates to control the area of human mesenchymal stem cell (hMSC) attachment. It 
was observed that cells that adopted a flattened morphology on larger islands 
preferentially differentiated to osteoblasts while cells on smaller islands were rounded 
and showed higher percentage of adipogenic differentiation [8]. This regulation was 
dependent on RhoA-mediated actomyosin contractility. Using cytochalasin D to 
inhibit actin polymerization or a small molecule inhibitor of ROCK in culture induced 
an adipogenic phenotype and showed adipogenic markers. More recently, 
chondrogenic differentiation in hMSC was observed to be Rac1 dependent. The 
hMSCs that were differentiated to chondrocytes showed lower Rac1 activity 
compared to myogenic differentiated cells which showed relatively high levels of 
Rac1 [177]. These studies and numerous others have established RhoA as an 
important regulator of adult stem cell fate including neural stem cells [178] and 
mammary progenitor cells [179]. The role of Rho signaling has been extensively 
studied in both mechanically and chemically induced adult stem cell differentiations. 
In the context of topography, RhoA/ROCK pathway was shown to be important for 
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focal adhesion maturation in cells on microtopography [180]. Thus, it can be 
hypothesized that nanotopography-induced stem cell differentiation is dependent on 
the RhoA/ROCK pathway but remains to be verified. 
2.5.3 Zxyin 
Besides looking at integrin expression, more research groups have looked into the 
possible roles of focal adhesions in topography-induced cell differentiation. In one 
such study, the dynamics of zxyin in hMSCs cultured on 350nm PDMS gratings was 
characterized. It was observed that nanotopography was able to reduce zxyin 
expression coupled with an increased turnover rate in focal adhesions of hMSCs 
cultured on nanogratings [181]. This study suggests that focal adhesions could play 
possible roles in topography-induced cellular response.  
2.5.4 Focal Adhesion Kinase (FAK) 
Focal adhesion kinase (FAK) is an integrin-associated signaling molecule that plays a 
key role in regulating cell proliferation, adhesion, migration and topography sensing 
[182].  When activated by αvβ1 integrin signaling, FAK is recruited to the focal 
contacts, a dynamic adhesion site with multiple structural and regulatory proteins 
(Fig. 2.1). FAK then auto-phosphorylates at the Y397 site before affecting further 
downstream reactions including FA turnover and the actin stress fiber formation 
through the RhoGTPases [26, 183].  
    53 
 
Figure 2.1 Molecular architecture of focal contacts in relation to the actomyosin stress fibers. 
Clustering of transmembrane hetereodimeric integrins activates FAK which is recruited to the site by proteins 
paxillin and talin. Downstream targets of FAK includes α-actinin which crosslinks actomyosin stress fibers. 
The activation of FAK thus depends on 1) the matrix binding composition or 2) intracellular force changes in 
the stress fibers [184].  
 
FAK also has various other sites of phosphorylation, namely, tyrosine-407, tyrosine-
576, tyrosine-577, tyrosine-861 and tyrosine-925 [185] (Fig. 2.2). A complete review 
of FAK and its relative position in the focal adhesions, diverse functions and 
structures is reviewed by Mitra et al. [184]. It has been shown that FAK is an 
important mediator in mechanotransduction pathway by responding to both substrate 
rigidity and tension regulation via the actin cytoskeleton [185]. Numerous studies 
have focused on the role of FAK in regulating proliferation, adhesion and migration 
of cells but little has been done to characterize the role of FAK in topography-induced 
stem cell differentiation without interference from biochemical cues.  
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Figure 2.2 Focal Adhesion Kinase domain structure and phosphorylation sites [184]
 
The signaling transduction role of FAK and its multiple downstream targets has 
spurred research interests to understand its role in stem cell differentiation. In 
different studies by Biggs et al., osteoblast progenitor cells and STRO-1 + enriched 
cells from the human bone marrow were cultured on nanopit arrays and microscale 
lines. It was suggested that the topography-modulated osteospecific differentiation 
and function was linked to focal adhesion growth and FAK-mediated ERK/MAPK 
signaling pathway. Various other signaling pathways including the Wnt/β-catenin 
canonical pathways were also implicated [186, 187]. In another study that studied the 
expression of pFAK in porcine aortic endothelial cells (PAEC) cultured on a 
poly(epsilon-caprolactone) (PCL) honeycomb pattern substrate observed an increase 
in the pFAK expression after one hour as compared to a flat film [188]. The authors 
attributed the activation of FAK at the autophosphorylation site to the presence and 
arrangement of fibronectin. Similarly, other studies have also documented the changes 
in pFAK expression on nanoscale patterns like nanoscale pit textures [189] and sharp-
tip nanoposts [190].  
One interesting study documents the effect of FAK in substrate topography sensing 
[182]. By using FAK -/- fibroblasts, the authors showed that topographical-induced 
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cell migrations was mediated via FAK and myosin II contractility dependent 
mechanism. In mechanical stretch-induced tenogenic differentiation of hMSCs, the 
induced differentiation was found to be dependent on both FAK and cytoskeletal 
contractility [191]. In another independent study, hMSCs were induced to undergo 
osteogenic differentiation through an ERK 1/2 pathway using different extracellular 
matrix coated substrates (collagen I and vitronectin) [192]. It was observed that the 
knockdown of FAK activity was sufficient to reduce osteogenic gene expression, 
calcium deposition and decrease alkaline phosphatase activity. The results 
demonstrated that FAK does play a role in ECM-induced osteogenic differentiation of 
hMSCs. It is important to note that most if not all of these studies generally target 
osteogenic differentiation and involved the use of differentiation supplements in the 
induction of stem cell differentiation which might raise questions about a possible 
crosstalk between adhesion molecules and the growth factors used [193]. There has 
also been no evidence, to our knowledge that establishes FAK as a key regulator in 
mediating a direct force-induced differentiation (using nanotopography in our case) in 
hMSCs via the actin cytoskeletal contractility. We thus seek to understand the role of 
FAK in nanotopography-induced stem cell differentiation using a model without the 
addition of biochemical cues for hMSCs differentiation. Advancements in 
pharmaceuticals have allowed specific inhibition of FAK tyrosine phosphorylation by 
small molecules while the availability of different FAK constructs also allows a novel 
understanding of the role of FAK signaling in topography sensing (Fig. 2.3).   
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Figure 2.3 Schematic diagram of the proposed study using nanotopography-induced human 
mesenchymal stem cell differentiation to understand the sensing mechanism and its effect on 
epigenetic changes. 
 
2.5.5 Nucleus – Mechanical manipulation of gene regulation 
While the previous sections were focused on the upstream mechanosensors of 
nanotopography, including integrins, focal adhesions and actin cytoskeleton, in this 
section we will discuss the possible mechanotransduction mechanisms for the 
transduction of extracellular nanotopographical cues to the cellular DNA. The 
intricate physical network described previously sets the framework for the physical 
continuity spanning from the ECM to the nucleus. Mechanical signals such as 
topographical perturbations from the ECM can be transduced by structural alterations 
in the network to elicit differential gene expression in stem cells. Fig. 2.4 describes 
key components in nuclear mechanotransduction that might play key roles in 
topography sensing. 
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Figure 2.4 Mechanical coupling of the nucleus components to the actin cytoskeleton. 
Physical perturbations to the network complex through different force exerted by the stress fibers can rearrange 
proteins/chromatin in the nucleus, thus triggering a differential gene expression. Adapted from [194]. 
 
While the actin microfilaments are anchored to the ECM through the integrins, they 
are also physically connected to the nuclear membrane on the other end. Nesprins are 
a class of large outer nuclear membrane proteins onto which the actin microfilaments 
bind onto the KASH domains present in these proteins [30, 195]. The KASH domains 
are then physically connected to the SUN domain of the inner nuclear membrane 
forming a KASH/SUN complex to mechanically bridge the actin stress fibers to the 
nuclear membrane. The other main structure of the nucleus that appears to be 
important in topography-mediated mechanotransduction is the nuclear lamina. Similar 
to the cytoskeleton, the nuclear lamina consists of a meshwork of intermediate 
filaments and lamin proteins  that is associated with the KASH/SUN complex [196, 
197] which in turn is connected to the chromatin (reviewed in [198, 199]).  
58   
Recently, the linker of nucleoskeleton and cytoskeleton (LINC), a specialized 
structure that links both the nucleoskeleton and cytoskeleton has been identified, 
providing more evidence that mechanical forces that arise due to nanotopography can 
physically affect the structural organization of the nucleus [30, 200]. Forces that are 
transmitted to the nuclear scaffolds via LINC complex may regulate critical DNA 
enzymes or factors. Furthermore, in an earlier study, the disruption of intermediate 
filaments leads to the mechanical decoupling of the integrins and nuclei [29], 
demonstrating that a direct physical connection exists between the two. It has also 
been shown that local forces applied to apical integrins are indeed transmitted to the 
basal focal adhesions and nucleus, suggesting that a physical continuity does exist 
between the ECM and the cell nucleus [201, 202]. Other research groups and our 
group have similarly observed nuclei shape changes and altered gene expression in 
response to topography [21, 203, 204].  While Dalby et al. observed spatial alteration 
of chromosomes in fibroblasts under topographical influence, our work involving 
human MSC on nanogratings suggests that topography may exert an effect on the 
structural organization of the nucleus as indicated by the alignment and elongation of 
the MSC nuclei [21]. This study suggests the direct mechanical coupling of chromatin 
to the ECM through the intricate mechanotransduction network in stem cells. This 
physical coupling allows chromatin to be tightly regulated through cellular forces to 
unravel DNA regulatory motifs for transcription factors to interact, analogous to the 
exposure of cryptic binding sites in mechano-sensitive plasma proteins. 
Results from these studies suggests the possibility of a biophysical regulation of the 
nuclear chromatin, however it still remains unknown how topography can affect stem 
cell nuclear chromatin. As many components are involved in the nucleus regulation, 
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we chose to investigate the effect of nanotopography on mesenchymal stem cell 
histone methylation and laminar protein expression.  
2.5.5.1 Role of histone modification in stem cell differentiation 
In eukaryotic cells, the nucleus regulates gene expression, giving the cell control over 
its structure and function, and forms the basis for cellular differentiation. Within the 
nucleus, the cell’s genetic material is organized as chromatin: DNA wrapped around 
histones. Chromatin is tightly packed into a highly organized fashion within the 
nucleus that is composed of two main compartments: the nuclear envelope and the 
nucleoplasm. The nuclear envelope separates cytoplasmic functions from nuclear 
functions and at its inner surface, provides a docking site for chromatin. 
The structure of chromatin plays an important role in regulating gene expression in a 
given cell. Histones act as spools for the DNA to be spun around, packaging it into 
tightly coiled units. The binding of histones to DNA can be regulated through 
chemical methylation or acetylation of the histones  [205]. When histones are bound 
to the DNA, the chromatin is in a condensed state (heterochromatin) and the genes are 
not expressed because they cannot be accessed by the gene transcription machinery. 
However, when the histones are not bound to the DNA, the chromatin is extended 
(euchromatin) and the DNA can be accessed and subsequently expressed. 
Mechanisms triggering changes in chromatin structure are integral in determining the 
stem cell fate. The dynamics of chromatin structural changes are achieved by the 
actions of two classes of enzymes: ATP-dependent chromatin remodelers, and histone 
modifying enzymes [206]. The enzymes are partners in multi-protein complexes that 
activate or repress transcription depending on the composition of the protein complex 
[207]. Histones that have been best characterized so far includes the H3 and H4 
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histones. These histones undergo combinatorial acetylation and methylation as a form 
of post translational control. It has been shown that the acetylation of Lysine9 of 
histone H3 (H3K9) correlates with gene activation and is abundant in pluripotent 
MSCs whereas enrichment of H3K9 methylation modifications is associated with 
gene silencing and is abundant in differentiated MSCs [208]. Hence, histone 
methylation could be critical for determining the fate of stem cells [209] but its 
relation to gene expression is complex [210].  
An interesting study was carried out to determine if histone modifications was critical 
in determining chemically induced human MSC osteogenic differentiation. Using a 
combination of whole genome gene expression microarrays and chromatin 
immunoprecipitation (ChIP), it was found that H3K9me2 was increased upon 
osteogenic differentiation while H3K9Ac was decreased at gene promoters, indicating 
that post translational histone modifications like methylation plays important roles in 
MSC differentiation. With many studies documenting epigenetic regulation to be an 
important modulator of stem cell differentiation [211], it is important to understand its 
role in mechanotransduction and whether nanotopography can induce epigenetic 
changes in terms of histone methylation. 
An interesting study was carried out using microscale topography. Li and colleagues 
cultured hMSCs on elastic membranes patterned with microgrooves to keep hMSCs 
aligned on these grooves [212].  It was observed that hMSCs that aligned to these 
grooves had an increase in histone acetylation. Mechanical forces perpendicular to the 
elongated direction caused an increase in histone acetylation possibly mediated by 
nuclear matrix protein lamin A/C. In addition, a recent study using embryonic stem 
cells found that H3K9 methylation and acetylation affects chromatin protein 
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dynamics, giving further proof that these histone modifications are crucial for gene 
regulation in stem cells [213]. 
Histone modifications correlated to MSC differentiation remains at present largely 
unknown and therefore it is in our interests to further investigate the role of histone 
modifications within the chromatin, pertaining to stem cell differentiation and 
function. We hypothesized that nanotopography-induced stem cell differentiation can 
induce changes in histone methylation. 
2.5.5.2 Nuclear lamins expression and stem cell differentiation 
One of the major structural elements of the nuclear envelope is the nuclear lamina. 
Lamins are a class of intermediate filament proteins [214]. Three subtypes of lamin 
proteins (A-type, B-type and C-type) can be found in mammals [215]. While B-type 
lamins are present in most nucleated cell types, lamin A expression seems to be a 
hallmark of differentiated cells as adult cell types that are not fully differentiated do 
not express these lamins [216]. These nuclear lamins can be a possible mechanical 
link between the extracellular physical cues and the gene regulatory machinery by 
interacting directly with chromatin or via lamin binding proteins [197, 217-220]. 
The developmental regulation of lamin expression suggests that these intermediate 
filament proteins play a role in differentiation. It has been shown that A-type lamins 
(most common of which are lamins A and C) are absent in human embryonic stem 
cells and are first expressed only after cells begin differentiation [221]. In that study, 
it was shown that lamin A/C was absent in undifferentiated ES cells, although they 
showed basal expression of lamins B1 and B2. The lamin A/C expression in 
differentiated ES was activated earlier than pluripotent markers Oct3/4 
downregulation. In a more recent study, heterochromatin plasticity (or protein 
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dynamics) was seen to be regulated by lamin A expression, reiterating the role of 
nuclear matrix protein lamin A providing not only structural support to the cell 
nucleus but also participating in an active role in regulating chromatin dynamics for 
cell differentiation. 
Therefore, studying the changes in expression and localization of nuclear lamins 
during nanotopography-induced stem cell differentiation would be a good indicator 
for stem cell differentiation, and also provides further understanding of the 
nanotopography-induced differentiation mechanism.  
2.6 Conclusion 
We started the chapter discussing different fabrication methods and how various types 
of stem cells showed a differentiation response to these topographical substrates. The 
comprehensive review of these studies shows the viability of using topographical 
substrates for the control of stem cell fate determination. In order to optimize the 
strategy, a fundamental understanding of how cells sense the underlying 
topographical cues and how these topographical cues are being translated to control 
cell fate is crucially important. One such possible mechanism is mechanotransduction. 
We then briefly reviewed the various components that are fundamental to direct 
mechanotransduction in the context of both nanotopographical cues and generic ECM 
signal transduction. Relevant to our discussion, a review of the current mechanistic 
studies of stem cell mechanotransduction was discussed related to the key individual 
components of the cell-topography sensing process. Lastly, we discuss the possibility 
of a physical continuity spanning from extracellular topographical cues to the nucleus 
via the actin cytoskeleton. The key components currently known to be involved in 
    63 
stem cell differentiation were reviewed as possible key components of topography-
induced cell differentiation.  
Although a substantial amount of work has been carried out in order to decipher this 
multifaceted mechanism, it remains a challenge to uncover this complicated 
coordination. We must take first dissect the cell’s mechanism into basic components 
before combining the various critical mechanosensing modules together to form a 
complete model, similar to how the cell integrates the different components to 
orchestrate a concerted response [222-224]. Many studies have been particularly 
focused on the individual modules of the mechanism of topography-induced stem cell 
differentiation, however rigorous work have to be done in integrating all the 
information together for a complete understanding of stem cell differentiation. It is 
therefore fundamental that we unravel the intrinsic underlying mechanism for 
nanotopography-induced stem cell differentiation, to pave a new paradigm in 
regenerative medicine. 
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Chapter 3 Materials and methods 
This chapter will describe the generic experimental techniques and materials used for 
the project. The details for specific experiments will be elaborated in the respective 
chapters.  
3.1 Fabrication 
3.1.1 Nanogratings fabrication and surface preparation  
Patterned substrates were fabricated using nanoimprint lithography as documented 
[225]. Briefly, poly(methyl methacrylate) (PMMA) (Microresist, PMMA, MW 
35000 g/mol) was first spin-coated on a clean silicon substrate to form a thin PMMA 
film before a silanized silicon mold was placed on top of the spin-coated surface and 
the imprinting was carried out at 150 °C under a pressure of 60 bar for 10 min. 
Subsequently, the system was cooled before demolding the silicon master from the 
imprinted PMMA polymer layer. The polydimethylsiloxane (PDMS) nanogratings 
were fabricated using soft lithography on the nanoimprinted PMMA coated silicon 
master mold. The gratings on the nanoimprinted PMMA master molds were 250nm in 
depth, 250nm in width and 500nm pitch (centre to centre) unless otherwise stated. 
The replicated patterned PDMS substrates were air plasma-treated (Femto Science, 
CUTE-B, Korea) at 80% power for 1 min and coated with 2µg/cm2 of bovine 
fibronectin (Biological Industries, Bio-REV, Singapore) to increase cell adhesion on 
the hydrophobic PDMS. To study the correlation of focal adhesion arrangement, 
gratings of 1µm, and 10µm widths, with respective 2µm and 20µm pitches were also 
fabricated similarly. All gratings had the same depth of 250nm. All substrates were 
coated with fibronectin unless otherwise stated. 
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3.1.2 Heat embossing 
Tissue culture polystyrene (TCPS) patterns were replicated through heat embossing. 
Briefly, a TCPS polymer target to be imprinted is heated to above its glass transitional 
temperature (Tg), after which pressure is exerted on top of a patterned PDMS placed 
on top of the TCPS. The pressure is kept constant for 1 min before the TCPS and 
patterned PDMS is allowed to cool for 30s while keeping the pressure constant. When 
the TCPS is cooled to room temperature, the PDMS and TCPS can be detached from 
one another.  
3.1.3 Replication of high aspect ratio pillars for cellular traction force 
measurement 
Silicon master mold containing the hexagonal arrangement of anisotropic and 
isotropic pillars and cellular traction force analytical software was a kind gift from Dr. 
Benoît Ladoux. The soft lithographic replication of the high aspect ratio pillars was 
carried out similarly as previously described [24, 158]. As the pillars tend to stick to 
each other irreversibly when detaching from the Si mold, the PDMS substrates were 
detached in 70% ethanol before transferring to phosphate buffered saline (PBS) buffer 
and the substrates were kept in solution throughout the experiment. 
3.1.4 Scanning Electron Microscopy (SEM) 
The fidelity of imprinted structures and replicated samples were verified using a SEM 
(JEOL, JSM-6700F). Samples were fixed in 2% glutaraldehyde, washed in 0.1M 
sodium cacodylate (pH 7.2). After post-fixation, the samples were then dehydrated in 
a graded ethanol series while samples containing high aspect ratio pillars were critical 
point-dried. Samples were coated for 20 s using a gold coating machine (JEOL, JFC-
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1200) to achieve a gold film thickness of approximately 10 nm. The structures were 
viewed using an accelerating voltage of 5 kV, at a working distance of 6 mm. 
3.2 Cell Culture  
3.2.1 Human mesenchymal stem cells 
Bone marrow-derived human mesenchymal stem cells (hMSCs) (CD105+, CD166+, 
CD29+, CD44+, CD14−,CD34−, CD45−, Lonza, Poietics) were cultured and 
expanded in serum containing Mesenchymal Stem Cell Growth Medium (MSCGM, 
Lonza) according to manufacturer’s protocol at 37oC in a humidified atmosphere 
within a 5% CO2 incubator. The hMSCs used for experiments were at passages 4-6. 
The cells were routinely cultured using phosphate buffered saline (1st BASE) and 
0.05% trypsin-EDTA (Lonza) for cell detachment.  
3.3 Immunofluorescence staining 
At the end of the 7-days culture, immunofluorescence staining of phosphorylated 
FAK (pFAK), paxillin or microtubule-associated protein 2 (MAP2) was performed on 
the cells according to a standard immunofluorescence staining procedure. The cells 
were first fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich, Singapore) for 15 
minutes, then permeablized with 0.1% Triton-X100 (Biorad, Singapore) for 15 
minutes followed by blocking in 1% bovine serum albumin (BSA, vCell Science, 
Singapore) for an hour. Primary and secondary antibody incubation was carried out at 
4oC overnight, while nuclei and F-actin were counter-stained respectively with 4’,6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 1:5000 (1ng/µL) ) and F-actin 
phalloidin (1:500 (6.6 µM)) for 20 minutes. The F-actin phalloidin used was either 
conjugated with Oregon Green 488 or Alexa Fluor 546 (Molecular Probes, Life 
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Technologies, Singapore). Primary antibodies were diluted in 1% goat serum in 
phosphate buffered saline (PBS) while secondary antibodies were diluted in PBS. 
Primary antibodies used included rabbit anti-phosphorylated Y397 FAK antibodies 
(pFAK, Abcam, Cambridge, MA, USA, 5μg/ml), mouse anti-MAP2 primary 
antibodies (Abcam, 4.4μg/ml) and rabbit anti-paxillin primary antibodies (Abcam, 
1:250). A complete list of antibodies used can be found in Table 3.1. The staining for 
MAP2 indicated neuronal differentiation since it is a neuronal marker found 
predominantly in mature neurons [28]. Secondary antibodies Alexa-Fluor546 goat 
anti-mouse secondary antibodies and Alexa-Fluor488 goat anti-rabbit antibody 
(Molecular Probes, Life Technologies, Singapore) were used at 1:1000 dilutions. The 
samples were then visualized with Olympus FluoView FV1000 (Olympus, Japan) 
laser scanning confocal microscope using a 60x/1.00 water objective, with 488nm 
Argon or 543nm HeNe laser as the excitation source. Images were then viewed and 
converted to appropriate formats using the attached FV10-ASW v1.7 software. 
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Table 3.1  List of antibodies and fluorescent dye reagents used for this project 
Primary Antibodies 
Target Species reactivity Host Dilution Source Product code 
Focal adhesion Proteins 
Focal adhesion 
Kinase (FAK) 
human, mouse, rat, 
monkey, bovine, pig 











1:60 Abcam ab39967 
Paxillin human, mouse,rat Rabbit(monoclonal) 1:250 Abcam ab32084 
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3.4 RNA gene expression profile 
Total RNA were isolated from cells cultured on the respective substrates at 
appropriate time points using the Trizol Reagent (Invitrogen, Life Technologies, 
Singapore). The isolation of RNA was done according to the protocol recommended 
by Invitrogen. The quantity and quality of RNA was measured and only the samples 
with the 260nm to 280nm ratio greater than 1.85 were used for downstream 
applications. After the isolation of RNA, neuronal markers such as MAP2, nestin, 
tyrosine hydroxylase (TH) and neurofilament (NFL) and myogenic markers such as 
Pax3, collagen IV (Col IV), Desmin and Myogenin (MYOG) primers were used in 
reverse transcription polymerase chain reaction (RT-PCR) while glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) served as an endogenous control. Primers used 
are listed in Table 3.2 (1st BASE, Singapore). Synthesis and amplification of DNA 
were performed using the Qiagen one-step RT-PCR kit in accordance with the 
manufacturers’ protocol (Qiagen, Singapore). The PCR was carried out for 37 cycles 
with an annealing temperature of 59oC for the neuronal markers; while the annealing 
temperature used for the myogenic markers was 51oC. PCR products were then 
resolved on 1.2% agarose gel in TAE buffer. 
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Table 3.2  RT-PCR primers for neurogenic and myogenic gene profile analysis of hMSCs 
Marker name Primer Sequence (5'--3') 
Nestin Forward GCCCTGACCACTCCAGTTTA 
 Reverse GGAGTCCTGGATTTCCTTCC 
MAP2 Forward GCATATGCGCTGATTCTTCA 








 Reverse AGCGTGGACAGCTTCTCAAT 
Pax 3 Forward ACCCGGGTTGCTCCTTTGATTAGA 




 Reverse GAGGCCGCGTTATGATAAAA 
Collagen IV Forward TTCCTGTACTGCAACCCTGGTGAT 
 Reverse ATATCCGATCCACAAACTCCGCCA 
Desmin Forward ATGAGACCATCGCGGCTAAGAACA
 Reverse TCTCATCCTTGAGGTGCCGGATTT 
GAPDH Forward TTGACGCTGGGGCTGGCATT 
 Reverse TCTTGTGCTCTTGCTGGGGCTG 
 
3.5 Real-time quantitative PCR 
The quantitative gene expression of MAP2 and NFL were analyzed by real-time PCR 
using GAPDH as the endogenous control. Reverse transcription was performed with a 
Sensiscript RT kit (Qiagen, Singapore) with an Oligo(dT)12-18 Primer (Invitrogen). 
PCR was performed using TaqMan® Universal PCR Master Mix (Applied 
Biosystems, Life Technologies, Singapore) with human MAP2 and human NFL 
Taqman® Gene Expression Assays primer and probes (Applied Biosystems) and 
human GAPDH (Applied Biosystems) as endogenous control. The PCR cycling 
consisted of 40 cycles of amplification of the template DNA with a primer annealing 
at 60°C (15 s). The real-time PCR was performed on an Applied Bioscience 
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Thermocycler (7500 Fast). The RNA levels were normalized to the GAPDH mRNA 
level. Data presented was normalized to RNA level expressed in the hMSCs control. 
3.6 Western blot of pFAK and FAK protein expression 
Total proteins from the hMSCs cultured on the respective substrates at appropriate 
time points were isolated using the RIPA buffer (Thermo Scientific, Fischer 
Scientific, Singapore). Phenylmethanesulfonyl fluoride and sodium orthovanada were 
added to the RIPA buffer at a concentration of 1mM to inhibit serine, cysteine 
proteases and tyrosine phosphatases, respectively. The cells were washed twice with 
ice-cold PBS before the cocktail was added to the well plates and incubated for 5 min. 
Samples were then maintained under constant agitation for 30min at 4oC followed by 
centrifugation at 12000g at 4oC for 20min. The supernatant containing the isolated 
protein is then concentrated using Vivaspin 500 Centrifugal Concentrator (Sartorius 
Stedim Biotech, Singapore). The quantification of protein was done using a micro 
BCA assay (Thermo Scientific). Equal amount of protein samples were mixed with 
Laemmli 2X buffer (Sigma) in a ratio of 1:1 and denatured by heating at 95oC for 5 
min. The mixture was then loaded into the gel and electrophoresis was carried out at 
200V for 1 hr in 1X Tris-glycine buffer (1st BASE, Singapore). A Sodium Dodecyl 
Sulfate PolyAcrylamide Gel Electrophoresis (SDS-PAGE) was performed using a 
7.5% polyacrylamide gel. The separated protein in the gel was then transferred to a 
polyvinylidene fluoride membrane. The procedure was done in transfer buffer (10% 
1X Tris-glycine-SDS (1st Base), 20% methanol, 30% deionized (DI) water) at 100V 
for one hour at 4oC. The membrane was blocked using 5% BSA and 1% glycine 
dissolved in Tris Buffer Saline Tween20 (TBST) buffer to prevent non-specific 
background binding for 1hr with agitation before being washed twice with TBST with 
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5 mins incubation per wash. Primary antibody incubation was done overnight at 4oC 
while secondary antibody incubation was carried out for 1 hr with agitation. The 
primary antibodies used were mouse anti-GAPDH antibody (1µg/ml, Santa Cruz), 
rabbit anti-FAK antibody (Cell Signaling Technology, Research Biolabs, Singapore) 
and rabbit anti-pFAK primary antibody (0.5µg/ml, Abcam). Horseradish peroxidase 
(HRP) conjugated anti-mouse and anti-rabbit secondary antibodies (Bio-rad) were 
used at 1:1000 and 1:10000 dilution, respectively. The membranes were then washed 
3 times (10 min incubation per wash) using TBST between the antibody-incubations. 
Chemifluorescence signals were generated using ECL Plus Western Blotting 
Detection Reagents (GE Healthcare, SciMed (Asia), Singapore) and imaged using X-
ray sensitive films.  Densitometry was performed using the BioRad Quantity One 
program for quantitative analysis. 
Table 3.3  Compiled list for primary antibodies used for western blot  
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3.7 HMSC cytoskeletal contractility and Y397-FAK inhibition  
To inhibit the non-muscle myosin II and Rho-associated protein kinase, Blebbistatin 
(50µM) and Y-27632 (10µM) were added into the hMSC cell suspension to be seeded 
onto the various substrates (Tocris Bioscience, Sciencewerke, Singapore). The 
concentration of Blebbistatin and Y-27632 (10µM) used in hMSCs were previously 
documented in publications by other groups working with similar cell types [226, 
227]. As Blebbistatin is light sensitive, all cell cultures involving Blebbistatin were 
carried out in low light conditions throughout the experiment [228]. For Y397-FAK 
inhibition, PF573228 (100nM, Tocris Bioscience) was used instead. Medium 
containing the individual inhibitors was changed on a daily basis. Elongation and 
alignment of the hMSC was analyzed using ImageJ, NIH image processing software 
(Bethesda, MD) on the fluorescent images with F-actin stained with Alexa Fluor 488 
phalloidin (Invitrogen). The cell was considered to be aligned when the angle between 
the long axis of the cell and the grating was less than 15o while the elongation 
parameter describes the extent of the equimomental ellipse lengthening or stretching 
[229]. It was calculated as the ratio of Long Axis/Short Axis – 1. The percentage of 
aligned cells in the measured population and elongation factor were measured. An 
average of 300 cells was counted for each sample, and n=3 for each experimental 
group. 
3.8 Phosphorylated FAK inhibitor (pFAKi) wash out experiment 
In order to determine the crucial period of FAK sensing of the topography, five 
parallel sets of experimental groups were carried out to investigate the temporal effect 
of pFAKi on MAP2 neuronal gene expression in hMSCs. For each group, hMSCs 
were cultured in pFAKi added medium for different time periods ranging from zero to 
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seven days.  pFAKi was added into the cell culture medium from the onset of cell 
seeding except for 0/7 days time point where no pFAKi was added. The pFAKi 
medium was replaced with basal hMSC proliferation medium (MSCGM) after the 
stipulated time period of FAK inhibition till the end of the experiment. All samples 
were used for RNA isolation or immunofluorescence staining after 7 days of culture 
from cell seeding. 
3.9 Effect of ECM on FAK phosphorylation and hMSC neuronal 
differentiation 
To test the different ECM, nanopatterned and unpatterned PDMS substrates were all 
coated at 20μg/ml with bovine fibronectin (Biological Industries, Bio-REV, 
Singapore), human recombinant vitronectin (Millipore, Research Biolabs, Singapore), 
rat type I collagen (BD Biosciences, Singapore), mouse laminin (Invitrogen) and 
poly-l-lysine (Sigma Aldrich). Substrates were coated in PBS for 1 hr at 37°C with 
the exception of collagen I and poly-l-lysine substrates which was carried out using 
1mM HCL and DI water respectively. All substrates were rinsed three times with PBS 
after coating before cell seeding. Experiments investigating specific effects from 
ECM were carried out using serum free TheraPEAKTM Mesenchymal Stem Cell 
Chemically Defined Growth Medium (Lonza, Singapore). Samples were then used for 
immunofluorescence staining, western blot or RNA isolation at appropriate time 
points. 
3.10 SuperFAK Adenovirus amplification, MOI determination 
SuperFAK Adenovirus construct was developed and characterized by Gabarra-Niecko 
et al, and was a gift from Dr. Lewis Romer, Johns Hopkins University, Baltimore, 
USA.  The amplification of the virus was done using Human Embryonic Kidney 
76   
(HEK) packaging cell line, 293T (ATCC). A 10 cm tissue culture dish was coated 
with Collagen solution (Cell-Matrix, 10µg/ml, 1mM HCl) for 30 mins at 37o C prior 
to plating cell. For the viral amplification process, HEK cells plated on the collagen 
coated dish were infected with 5 µl/ml of SuperFAK adenoviral stock solution for 4 
days in DMEM (Invitrogen) supplemented with 10% FBS (Gibco, Life Technologies, 
Singapore) and 1% penicillin–streptomycin (Sigma). When all the cells were detached 
from the surface, the culture medium was collected and centrifuged to pellet the cell 
debris. Supernatants containing the virus were then divided into aliquots and stored at 
-80o C. The supernatant went through a 3 cycle freeze thaw process to release the viral 
particles. To determine the multiplicity of infection (MOI), 293T cells were plated on 
96 well plates and MOI was determined using a standard TCID50 protocol. Similar 
experiments were done, using Adenovirus Lac Z (A gift from Dr. Keiko Kawaguchi, 
MBI Singapore) as a control. A MOI of 25 was chosen for infection. The hMSCs 
were exposed to viral supernatant for 24 hrs in serum free medium (Lonza) before 
being detached and seeded onto glass coverslips. The infection efficiency in hMSC 
was determined by immuno-fluorescence staining of pFAK, using adenocontrols and 
uninfected hMSCs as controls. Ten random images of each sample were taken using 
an epifluorescence microscope (Leica DM IRB) and counted for positively infected 
hMSCs as a percentage of uninfected hMSCs within the image. (n=3) 
3.11 SuperFAK protein expression and effect of nanotopography 
on SuperFAK hMSCs  
hMSCs were plated at 20,000 cells/cm2 in a 6-well plate 24 hrs before infection. 
SuperFAK adenovirus and adeno Lac Z control at an MOI of 25 was used to infect the 
hMSCs for 24 hours. The viral particles were then removed and the cells were washed 
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with PBS thrice. The cells were then trypsinized and replated and grown for 3 days 
before being lysed as previously mentioned using ice cold RIPA buffer and 
subsequently used for protein expression studies. For SuperFAK hMSCs seeding on 
patterned and unpatterned substrates, the cells were first infected using previously 
mentioned procedure before being trypsinized and seeded on the topographical 
substrates after 24 hours.  Cells were lysed for protein expression analysis 3 days after 
cells seeding while RNA isolation and immunofluorescence staining were performed 
on day 7 after cell seeding for neuronal differentiation analysis. 
3.12 Statistical analysis  
3.12.1 Focal adhesion (FA) quantification: characterization of alignment 
and elongation 
To quantify FA, hMSCs on the various grating width substrates were 
immunofluorescently stained for FA protein component paxillin.  Using image 
processing software ImageJ, Fiji (http://fiji.sc), the colour depth of each image was 
first converted to 8-bit before adjusting for background corrections. As a pre-
processing step to improve the identification of focal adhesions, the local contrast of 
each image was then enhanced using the CLAHE algorithm [230]. Subsequently the 
image was converted to binary mode with the focal adhesions showing as black 
patches and the open operation was applied to remove speckle noise. The Analyze 
Particles tool in ImageJ was invoked to locate and count the focal adhesion patches. 
The size and circularity were set to be larger than 0.8µm2 and smaller than 1µm2, 
respectively. Manual curation was performed as the last step to eliminate malformed 
or non well-defined patches. Four independent samples were examined for each 
grating size with non-patterned substrates as controls. Fifteen separate regions of each 
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sample were imaged using the Olympus Fluoview FV1000 (Olympus, Japan) laser 
scanning confocal microscope and converted to appropriate formats with FV10-ASW 
v1.7. 
3.12.2 Data analysis 
All data were analysed by one way analysis of variance (ANOVA) and Tukey’s HSD 
test for posthoc multiple comparison analysis. * indicates p-value < 0.05, ** p-value 
<0.01 and *** p-value <0.001. All values are mean ± standard deviation while error 
bars are standard deviations from independent experiments. 
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Chapter 4 Nanotopograhy-induced stem cell differentiation is ECM 
and actomyosin dependent  
4.1 Abstract 
Biophysical signals like topography cues, extracellular matrix (ECM) stiffness and 
geometrical constraints in the stem cell niche are integral to tissue regeneration and 
embryogenesis. Synthetic nanostructures can drive specific cell differentiation, but the 
topography sensing mechanism remains poorly understood. In this chapter, the effect 
of ECM composition, focal adhesion size and the role of actomyosin contractility 
within the cell cytoskeletal structure in topography‐induced human mesenchymal 
stem cell (hMSC) differentiation were characterized.  
The differentiation of hMSCs were first conducted and compared on nanostructures 
coated with different ECM proteins.  Based on the data, fibronectin was chosen to be 
used for subsequent experiments.  Grating patterns with the line-width ranged from 
250nm to 10μm were compared, and the focal adhesion size and elongation were 
significantly different on sub-micron gratings compared to microgratings.  The 
differentiation mechanisim was further characterized on fibronectin coated 250nm 
gratings.   
To verify the differentiation model system, both neuronal and myogenic 
differentiation lineages were characterized. The neurogenic and myogenic gene 
expression of hMSCs with reduced actomyosin contractility will then be investigated 
using small molecular inhibitors of non-muscle myosin II (NM II) Blebbistatin and 
also a selective inhibitor of Rho-associated protein kinase p160ROCK, Y-27632.  It 
was observed that hMSCs with reduced NM II activity showed reduced alignment and 
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elongation to nanotopography. The topography-induced neuronal and myogenic 
hMSC differentiation was also dependent on actomyosin contractility, suggesting a 
force-dependent mechanism. A micropost pillar array was also designed and 
fabricated with the aim of visualizing the traction force of aligned and elongated cells. 
By modulating the spatial organization and aspect ratio of the micropillars, an 
elastomeric elliptical micropillar substrate can replicate the anisotropic cues like those 
of a micrograting substrate, while having the option of allowing the quantification of 
subcellular forces. Cells cultured on these substrates showed a phenotypic and 
genotypic response to the elliptical pillars. Similar to gratings, we demonstrated that 
elliptical micropillar with anisotropic rigidity could also induce cell elongation and 
neuronal marker expression.  Taken together, the data suggested that the topography-
induced differentiation is a mechanotransduction process:  the anisotropic rigidity of 
the nanostructure was sensed by focal adhesion and transduced by the actomyosin 
contractibility, thereby regulating the gene expression and lineage specificity of the 
cells.  
4.2 Introduction 
The process of tissue development involves multipotent cells [231] that interact with 
various nanoscale topographical and biochemical cues in their extracellular matrix 
(ECM) environment [232]. The use of topographical cues to control cell behavior 
including proliferation, migration, endocytosis and differentiation [15, 19, 233] has 
gained vast popularity as indicated by the number of publications in recent years. The 
effectiveness of this subset of physical cues also demonstrates the existence of a 
topography sensing mechanism within the stem cells. Although some research efforts 
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were focused towards understanding topography-induced cell response, the 
mechanism still remains unknown [20, 170, 186].  
Although studies have shown that actomyosin contractility is important for stem cell 
sensing of matrix rigidity [160] and shape dependent fate regulation [8, 9], 
topography effects likely results from a phenomenon termed as “contact guidance” 
[12, 40], independent of matrix rigidity. Using collagen I coated polyacrylamide gels 
of different stiffness, Engler et al. showed that the hMSCs differentiation lineage 
could be controlled based on the modulation of the mechanical rigidity of the 
underlying substrate [160]. Gels with a stiffness similar to brain tissue directed 
hMSCs towards the neurogenic lineage, while stiffer gels which resembled bone 
tissues could induce osteogenic differentiation. In another independent study, 
elastomeric micropillars of different heights were used to change the stiffness of the 
underlying substrates and similar results were obtained [234].  The control of cell fate 
using geometrical constraints was also investigated. Employing fibronectin patterns 
with different subcellular curvature, it was observed that hMSCs that occupy the same 
area but on shapes that increase actomyosin contractility promoted osteogenesis, 
independent of soluble factors [9]. In addition, shape induced lineage commitment 
was also dependent on intracellular myosin contractility.  Earlier studies from our 
group using nanogratings induced the differentiation of human mesenchymal stem 
cells (hMSCs) into neuronal lineage [21].  Importantly, hMSCs were able to sense 
intricate differences in feature size, showing a more significant upregulation of 
neuronal markers on nanogratings compared to microgratings. Another independent 
study observed that hMSCs cultured on electrospun nanofibers also increased the 
alignment and elongation of these cells. More importantly, there was a significant 
upregulation of myogenic gene expression compared to cells on control flat surfaces 
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[107]. Although cell fate determination using stiffness and geometrical constraints are 
myosin dependent, it remains unclear if the cyotskeletal contractility plays a 
significant role in nanotopography-induced hMSC differentiation. It will thus be of 
interest to probe the mechanism of topography-induced stem cell differentiation first 
by understanding the role of actomyosin contractility to determine if the effect of 
topography on stem cells is a force-mediated process. We chose to adopt a 
mechanotransduction perspective in investigating the nanotopography-induced cell 
differentiation. 
In this chapter, we first studied the effect of different ECM coating on topography-
induced hMSC differentiation and FAK modulation.  The phenotypic response of 
hMSCs on polydimethylsiloxane (PDMS) nanogratings under the effect of 
Blebbistatin, a non-muscle myosin II inhibitor was then quantified.  To verify the 
differentiation model system, both neuronal and myogenic differentiation lineages 
will be characterized. The neurogenic and myogenic gene expression of hMSCs with 
reduced actomyosin contractility will then be investigated using both Blebbistatin and 
a selective inhibitor of Rho-associated protein kinase p160ROCK, Y-27632. The 
expression of lineage specific markers will also be assessed using imunnofluorescent 
staining.  Cells that were cultured on nanogratings with reduced cytoskeletal 
contractility showed reduced alignment and elongation as indicated by f-actin 
staining. The neurogenic and myogenic genes commonly expressed in cells on 
nanogratings were reduced when cells were treated with pharmacological inhibitors of 
myosin activity, both direct and indirect. When cultured on pillars with different 
aspect ratios that had an anisotropic rigidity, cells showed similar phenotypic and 
genotypic response to those on nanogratings. Collectively, these results demonstrated 
    83 
that nanotopography-induced hMSC alignment, elongation and differentiation were 
cytoskeletal force-mediated and myosin dependent.  
4.3 Materials and methods 
4.3.1 Fabrication of nanogratings on tissue culture polystyrene 
Replication of the nanogratings was reproduced on polydimethylsiloxane (PDMS) 
using soft lithography on the nanoimprinted poly(methylmethacrylate) (PMMA) 
coated silicon master mold as per mentioned in section 3.1.1. The gratings on the 
nanoimprinted PMMA master molds were 250nm in depth, 250nm in width and 
500nm pitch. Tissue culture polystyrene (TCPS) patterns were replicated through heat 
embossing. Briefly, a TCPS polymer target to be imprinted is heated to above its glass 
transitional temperature (Tg), after which pressure is exerted on top of a patterned 
PDMS placed on top of the TCPS. The pressure is kept constant for 1 min before the 
TCPS and patterned PDMS is allowed to cool for 30s while keeping the pressure 
constant. When they TCPS is cooled to room temperature, the PDMS and TCPS can 
be detached from one another.  
4.3.2 Effect of ECM on FAK phosphorylation and hMSC neuronal 
differentiation 
To test the different ECM, nanopatterned and unpatterned PDMS substrates were all 
coated at 20μg/ml with bovine fibronectin (Biological Industries), human recombinant 
vitronectin (Millipore), rat type I collagen (BD Biosciences), mouse laminin 
(Invitrogen) and poly-l-lysine (Sigma Aldrich). Substrates were coated in PBS for 1 
hr at 37°C with the exception of collagen I and poly-L-Lysine substrates which was 
carried out using 1mM HCL and DI H20 respectively. All substrates were rinsed three 
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times with PBS before cell seeding after coating. Experiments investigating specific 
effects from ECM were carried out in serum free TheraPEAKTM Mesenchymal Stem 
Cell Chemically Defined Growth Medium (Lonza). Samples were then used for 
immunofluorescence staining, western blot or RNA isolation. 
4.3.3 Focal adhesion (FA) quantification: characterization of alignment 
and elongation 
The hMSCs on the substrates with various grating width were immunofluorescently 
stained for FA protein component (paxillin, pFAK); four independent samples were 
examined for each grating size with non-patterned substrates as controls. Fifteen 
separate regions of each sample were imaged using a confocal microscope and the FA 
areas were measured using ImageJ as described previously. 
4.3.4 Fabrication of anisotropic microarray 
Silicon master mold containing the hexagonal arrangement of anisotropic and 
isotropic pillars and cellular traction force analytical software was a kind gift from Dr. 
Benoît Ladoux. The soft lithographic replication of the high aspect ratio pillars was 
carried out similarly as previously described [24, 158]. As the elastomeric pillars tend 
to stick to each other irreversibly when detaching from the Si mold, the PDMS 
substrates were detached in 70% Ethanol before transferring to phosphate buffered 
saline (PBS) buffer and the substrates were kept in solution throughout the 
experiment. 
4.3.5 Surface treatment of micropillar array 
In order to control cell attachment on the top surface of the pillars, a flat PDMS stamp 
was oxidized in an air plasma cleaner (Harrick Plasma) for 2 min and then incubated 
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with 50 µg/ml fibronectin in PBS for 15 min. The stamp was dried under sterile 
airflow and deposited gently on the micropillar substrate in a PBS bath. Both were left 
in contact for 15 min to ensure the fibronectin transfer. The PBS bath is then replaced 
by MSCGM medium before hMSCs were seeded on the micropillar substrate at a 
density of 2.5 x 103/cm2. 
4.4 Results and discussion 
4.4.1 Surface characterization of 250nm polydimethylsiloxane and tissue 
culture polystyrene substrates 
The nanopatterned mold to be used was first characterized using scanning electron 
microscopy (SEM). The starting polymethyl methacrylate master mold is made using 
nanoimprint lithography before it was surface treated and used for soft lithography to 
replicate these nanogratings onto polydimethylsiloxane substrates. The nanogratings 
were replicated with good fidelity using soft lithography and heat embossing as 
shown in Fig. 4.1.  
Figure 4.1 Scanning electron micrographs of (A) 250nm gratings polymethyl methacrylate (PMMA) coated 
silicon master mold (courtesy of IMRE) and the corresponding patterns on (B) tissue culture polystyrene 
(TCPS) and (C) polydimethylsiloxane (PDMS). (D) A flat PDMS substrate is shown and used as a control. 
1μm 
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4.4.2 Influence of extracellular matrix (ECM) on topography-induced 
neuronal differentiation and focal adhesion kinase (FAK) 
phosphorylation 
Since ECM could activate different integrin subsets and thus affect downstream focal 
adhesion pathways, we were interested to investigate the effect of different ECM on 
the topography-induced neuronal differentiation. Human MSCs were cultured on 
nanogratings and unpatterned PDMS substrates coated with fibronectin (FN), 
vitronectin (VN), laminin (LN), collagen I (Col I) or poly-L-Lysine (PLL) in serum-
free medium. PLL-coated substrates allowed cell adhesion without integrin 
engagement. With the exception of PLL-coated substrates, the immunofluorescently 
labelled hMSCs were observed to align and elongate according to the grating axis on 
all other ECM coated nanogratings substrates at day 7 (Fig. 4.2). Notably, cells did 
not favor adhering on PLL-coated substrates, resulting in the rounding of these cells.  
 
 
Figure 4.2 Influence of extracellular matrix on cellular morphology and focal adhesion phosphorylation. 
Immunofluorescence staining of hMSCs after 7 day culture on unpatterned (top row, A-E) and nanopatterned 
(bottom row, F-J) substrates coated with fibronectin (FN, A&F), vitronectin (VN, B&G), laminin (LN C&H), 
collagen I (Col I, D&I) and poly-L-Lysine (PLL, E&J). Cells were stained for phosphorylated focal adhesion 
kinase (pFAK, green), F-actin (red) and DAPI (blue). (Scale bar = 50µm, double ended arrows = grating axis) 
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An early (day 2) gene expression analysis using RT-PCR showed that LN 
coating alone upregulated the neuronal marker microtubule-associated protein 2 
(MAP2) gene expression, while topography was able to induce MAP2 gene 
expression in substrates coated with FN, COL I or LN after 7 days (Fig. 4.3). We also 
observed that MAP2 expression was strongly upregulated in hMSCs on LN coated 
nanograting substrates, suggesting that there was a synergistic effect from LN coating 
and topographical cues.  As different ECM coatings were observed to regulate MAP2 
gene expression with or without topographical cues, we hypothesize that topography-
induced neuronal gene expression on the various ECM coated substrates were 
regulated by the focal adhesion kinase (FAK) activity.  
Figure 4.3 RT-PCR gene expression analysis of MAP2 on nanopatterned and unpatterned substrates coated with 
different ECM after 2 and 7 days of culture. TCPS cultured cells served as controls. 
 
As FAK is one of the main signal transducer within the focal adhesion 
complex, we were interested to see if ECM could regulate the phophorylation levels 
of FAK. Western blot analysis of the hMSCs after 3 days of culture showed varying 
levels of phosphorylated tyrosine-397 FAK (pFAK) expression on these different 
substrates (Fig. 4.4A). On average, cells on nanogratings showed higher levels of the 
pFAK/FAK ratio than cells on unpatterned substrates. Comparing amongst the 
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nanogratings, the relative pFAK/FAK ratio showed LN>FN>COL I>VN>>PLL, 
indicating high levels of pFAK activity on LN, FN and COL I ECM (Fig 4.4B). The 
pFAK/FAK ratios suggest a correlation between MAP2 neuronal gene expression 
(day 7) and the levels of FAK phosphorylation (day 3). FN coated substrates were 
used in the subsequent experiments to reduce ECM-induced bias on hMSC 
differentiation [235]. The results suggest that topography-induced hMSC 
differentiation undergoes a direct force-dependent mechanism through FAK to 
transduce topographical signals to the nucleus. 
 
Figure 4.4 (A) Representative western blot analysis for phosphorylated focal adhesion kinase (pFAK) and 
FAK expression levels in hMSCs on these substrates after 3 days of culture shown with the corresponding 
(B) mean densitometric analysis. 
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4.4.3 Nanotopography modulates focal adhesion (FA) elongation  
We investigated the effect of topography on FA area and elongation by analyzing and 
quantifying paxillin expression in hMSCs cultured on gratings of different widths 
ranging from 250nm to 10μm (Fig. 4.5).  
Figure 4.5 Focal adhesion formation on different topography size.  Representative SEM of (A) 250nm, (B) 
1µm, (C) 10µm gratings and (D) unpatterned PDMS substrates used in focal adhesion (FA) quantification. 
(E-H) Representative images of hMSCs immunofluorescently labeled for FA paxillin (green), F-actin (red) 
and DAPI (blue) on the corresponding substrates. White double headed arrows indicate grating axis while 
scale bar indicates 10µm unless otherwise stated. 
Compared to cells on unpatterned PDMS, cells on 1µm and 10µm gratings showed 
larger FA areas while cells on 250nm gratings showed smaller FA areas (Fig. 4.6A), 
indicating that the FA areas were affected by the grating widths. The histogram of 
hMSCs’ FA areas on nano (250nm) and micron-sized (10µm) gratings showed that 
the FAs on the nanogratings were significantly smaller than the FAs on the 10um 
gratings (Fig. 4.6C). Interestingly, the FA elongation was also dependent on grating 
widths. FAs on gratings with sizes smaller than 1 µm were significantly more 
elongated than FAs on micron size gratings and unpatterned PDMS (Fig. 4.6D). 
These results were consistent with our previous observations that cells were able to 
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sense the differences between micro and nanosized features [21], showing that 
nanogratings can significantly alter the area and elongation of hMSCs’ mature FAs 
compared to unpatterned substrates. More importantly, these data suggest the exciting 
possibility that extra-cellular nanotopographical cues may be transduced to hMSCs 
through the spatial arrangement of the FA. 
 
Figure 4.6 Nanotopography modulates Focal adhesion (FA) size and elongation.  Quantification of the (A) 
area and (B) elongation of FA in hMSCs on different grating widths. (p<0.05 * vs. unpatterned PDMS, n=3) 
Histogram showing the frequency distribution of (C) FAs vs. area and (D) FAs vs. FA elongation on 250nm 
nanogratings and 10µm microgratings. 
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4.4.4 Nanotopography-induced alignment and elongation hMSC 
through modulation of actomyosin contractility  
HMSCs were cultured for one week on polydimethylsiloxane (PDMS) nanogratings 
of 250nm width fabricated using soft lithography. These hMSCs had aligned F-actin 
fiber bundles and the cells elongated along the long axis of the nanogratings. In 
contrast, cells on unpatterned controls showed dense, isotropic fibrous F-actin 
networks (Fig. 4.7A).  The topographical influence on CSK suggests a direct 
dependence of hMSCs differentiation on cytoskeletal contractility. To determine if the 
process was dependent on non-muscle myosin (NM II) contractility, hMSCs’ 
cytoskeletal contractility was directly inhibited by adding small molecule Blebbistatin 
(Bleb, 50µM) into the growth media. We then quantified changes in cell shape by 
considering cells to be aligned when the angle between the long axis of the cell and 
the grating was less than 15o, while using the elongation parameter (Long Axis/Short 
Axis – 1) to describe the extent of the equimomental ellipse lengthening or stretching 
[229]. Bleb-treated hMSCs demonstrated a significant reduction in alignment (52.26 
% versus 88.19 %) and elongation (2.28 versus 7.75) as compared to untreated 
hMSCs after 7 days of culture on nanogratings (Fig. 4.2B). These results suggest that 
hMSCs phenotypic response to nanotopography is myosin dependent. 
92   
 
Figure 4.7  (A) hMSCs on 250nm nanogratings and PDMS unpatterned substrates fluorescently stained for 
filamentous actin (F-actin, red) and DAPI (blue) after 7 days.  
Cells on nanogratings showed aligned F-actin fiber bundles and elongation along the nanograting axis while cells 
on unpatterned substrates had dense, isotropic fibrous f-actin networks. (B) Effect of Blebbistatin on the elongation 
and alignment of human mesenchymal stem cells (hMSCs) on nanotopography (*** p<0.001, n=121). 
4.4.5 Blebbistatin and Y27632 reduced topography-induced MAP2 
neuronal marker expression  
The hMSCs were then immunostained for the neuronal marker microtubule-
associated protein 2 (MAP2), f-actin and nucleus using DAPI nucleic acid stain (Fig. 
4.8). Cells treated with Bleb or with the Rho kinase (ROCK) inhibitor Y27632 
(100nM) showed fewer stress fibers than untreated controls on all substrates. 
Compared to control cells, (Fig 4.8 A-B) Bleb also induced a smaller number of 
cellular processes while Y27632 did not affect the cell morphology (Fig. 4.8 C-D). 
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When hMSCs on nanogratings were cultured in either of the contractility inhibitors, 
MAP2 expression was abrogated, indicating a role for actomyosin contractility in 
topography-induced differentiation. 
 
Figure 4.8 Immunofluorescence staining of hMSCs cultured with cytoskeleton contractility inhibitors (A-B) 
Blebbistatin and (C-D) Y27632 and (E-F) normal growth medium on nanogratings for 7 days.  
Cells were immunostained for microtubule associated protein 2 (MAP2, green) as a neuronal marker for 
differentiation (Double ended arrows = grating axis, scale bars = 50µm). Under myosin inhibitors, F-actin intensity 
were markedly reduced and typical phenotypic observations of cell alignment and elongation on nanogratings were 
lost. Importantly, MAP2 expression was not observed in cells cultured on nanogratings with these inhibitors. 
4.4.6 Nanotopography-induced neurogenic or myogenic differentiation 
is dependent on cytoskeletal contractility 
The results from RT-PCR verified the immunofluorescence staining observations.  
The hMSCs that were cultured on nanogratings showed an upregulation of neuronal 
gene expression markers including MAP2, Nestin, Tyrosine Hydroxylase and 
Neurofilament when compared to hMSCs cultured on unpatterned PDMS after 7 days. 
Both Bleb and Y27632 inhibited the upregulation of these neuronal markers by 
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nanogratings in these hMSCs (Fig. 4.9A). As nanotopography could also induce 
myogenic differentiation in hMSC [107],  we carried out similar experiments to 
investigate the effect of NM II inhibition on myogenic differentiation. The NM II 
inhibitors similarly inhibited the upregulation and expression of myogenic markers 
Pax3 and Myogenin (MYOG) in cells on the nanogratings (Fig. 4.9B). These results 
collectively indicate the importance of actomyosin contractility in topography-
induced hMSC differentiation. 
 
 
Figure 4.9 (A) RT-PCR gene expression analysis of neuronal differentiation markers MAP2, Nestin, Tyrosine 
Hydroxylase (TH) and Neruofilament-Light (NFL) in hMSCs cultured on nanogratings with inhibitors. (B) RT-
PCR gene expression analysis of myogenic differentiation markers PAX3, Myogenin (MYOG), Collagen IV (Col 
IV) and Desmin in a similar experiment. Tissue culture polystyrene (TCPS) cultured cells served as controls. 
Gene expression analysis for both neuronal and myogenic markers showed that 
contractility inhibition overruled the topographical control of characteristic lineage 
differentiation. The contractility-impaired hMSCs were unable to transduce 
topographical cues, therefore displayed uncharacteristic cell morphology and lineage 
bias on topographical substrates. These observations were consistent with an earlier 
study using substrates without topographical cues but of different stiffness [22]. In 
that study, contractility inhibited hMSCs were unable to sense different stiffness cues 
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from the underlying substrates. A more significant change in cell morphology on 
topography was observed in our study.  This was possibly due to the increased 
intracellular contractile force on our topographical substrates, where the effect of the 
blocking of NM II appeared to be stronger. The downregulated neurogenic and 
myogenic markers were indicative of the importance of CSK NM II feedback for the 
mechanotranduction process in topography-induced cell shape modulation and stem 
cell differentiation. 
4.4.7 Design of anisotropic pillars to impart anisotropic rigidity cues  
We have verified that topography-induced hMSC differentiation goes through a direct 
force mechanism via the actin cytoskeletal contractility. The cell alignment and 
elongation of the hMSCs on the nanogratings could possibly be induced by the 
anisotropic rigidity of the nanogratings.  Our approach to visualize and possibly to 
quantify the cellular traction force in the cytoskeleton when hMSCs are cultured on 
topography is to use a micropost array force measurement substrate with varied 
dimensions for recreating the topographical cues [24]. Using an elliptical micropillar 
array, the traction force measurement device is able to 1) impart anisotropic cues to 
the hMSCs cultured on it and 2) measure the cellular traction force (Fig. 4.10).  
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Figure 4.10  Schematic example of a (A) anisotropic pillar imparting a greater rigidity to cells in one 
direction and (C) isotropic pillars having the same rigidity in both directions. Corresponding images below 
show the scanning electron micrographs (SEM) of the hexagonal arrangement of pillars used. (B) Human 
mesenchymal stem cells seeded onto these substrates after 24 hours showed alignment in the direction of 
greater rigidity while (D) exhibiting a spread and flattened morphology on isotropic pillars.  
The bending of the pillars was also seen from the SEM images. (Double ended arrows represent direction of 
greater rigidity and all scale bar = 20µm) 
4.4.8 Effect of anisotropic rigidity on hMSC cell morphology 
When hMSCs were cultured on top of these anisotropic pillars, they elongated and 
aligned along the direction of greatest stiffness (Figure 4.11) as early as 24 hours after 
replating. The observed morphology was identical to those cultured on nanogratings. 
The anisotropic pillars were thus able to induce hMSCs to adopt a similar phenotype 
to those cultured on nanogratings.  
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Figure 4.11 Immuno-fluorescence staining of hMSCs F-actin (red) and DAPI (blue) when cultured on 
anisotropic micropillars after (A) 1 day, (B) 3 days, (C) 7 days and isotropic micropillars after (D) 1 day, (B) 
3 days and (C) 7 days respectively. hMSCs cultured on anisotropic pillars generally elongated and aligned 
according to direction of greatest rigidity while hMSCs cultured on isotropic pillars did not exhibit such 
phenotypes. The cellular morphology observed in these patterns were similar to hMSCs seeded on 
topographical gratings and an unpatterned substrate, respectively. White arrow represents direction of 
greater stiffness and scale bar (white) represents 50µm 
4.4.9 Effect of anisotropic pillars on hMSC neuronal differentiation 
The fabricated micropost arrays were able to induce the same phenotypic response in 
hMSCs as those of nanogratings. However, to relate cytoskeletal traction force to 
hMSC differentiation, the neuronal differentiation of hMSCs on anisotropic pillars 
will have to be verified. Using RT-PCR gene expression, hMSCs that were cultured 
on anisotropic pillars expressed MAP2 while the neuronal marker was absent in 
hMSCs cultured on isotropic pillars (Fig. 4.12). The anisotropic rigidity substrate 
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could induce morphological changes and neuronal differentiation in hMSCs, implying 
that the anisotropic rigidity of the substrate could induce anisotropic actomyosin 
contractility and force transduction in the cells.  These results suggest that the 
anisotropic rigidity of the nanogratings could possibly be a crucial parameter in 
modulating actomyosin contractility and the mechano-regulation of the cell behavior.  
As the micro-pillar array could also be used in traction force measurement, and the 
bending of the pillars were clearly visible, this work also demonstrated the feasibility 
of using elliptical pillars for a quantitative measurement of cytoskeleton force.  
 
Figure 4.12 RT-PCR gene expression analysis of MAP2 in hMSCs seeded on different micropillar patterns after 7 
days. hMSCs were cultured on 250nm topographical pattern, anisotropic pillars and isotropic pillars, respectively, 
and MAP2 expression was positive for all except those on isotropic pillars. 
 
4.5 Conclusion 
The experiments in this chapter were drafted to illustrate that topography-induced 
hMSC differentiation was dependent on mechanotransduction from the extracellular 
patterned substrate, through focal adhesions, resulting in an actomyosin dependent 
gene-regulation.  The results collectively indicated that cell differentiation on 
nanotopography was dependent on topography sensing via actomyosin contractility. 
We first observed that the topography-induced differentiation was dependent on ECM 
coating. The different ECM coatings also induced different levels of cellular FAK 
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phosphorylation. Interestingly, topography was also able to modulate the size and 
aspect ratio of individual focal adhesions within stem cells. Upon reducing 
actomyosin contractility using Blebbistatin, it was observed that cells lose the typical 
phenotypic alignment and elongation response to nanogratings. In addition, 
experiments using pharmacological inhibitors indicated that topography-induced cell 
differentiation into either the neurogenic or myogenic lineage required cytoskeletal 
force to transduce these physical cues from the ECM to effect a gene expression 
change within the cell. Using an array of elliptical micro-pillar to provide anisotropic 
substrate rigidity cues, similar cell morphology and neuronal differentiation were 
observed.  The data further reinforced the hypothesis that topography regulates hMSC 
differentiation via mechanical forces, mediated through actomyosin contractility.  
These results collectively substantiate the approach to understand the phenomenon of 
topography-induced differentiation from a mechanobiology perspective. It is thus 
possible from the results in this chapter that the transduction of topographical cues 
can occur via the focal adhesion complex. Notably, most cell differentiation studies 
employ the use of soluble factors; which complicates mechanistic study due to cross 
talk from alternative signaling pathways as a result of these chemical modulators. The 
experiments in this chapter were conducted in the proliferation medium without 
biochemical induction. After identifying the key role for actomyosin contractility in 
topography-induced differentiation, the experiments to provide a deeper 
understanding of the molecular events and signaling focusing on FAK will be further 
discussed in the next chapter.  
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Chapter 5 Understanding the role of focal adhesion kinase (FAK) in 
topography-induced stem cell differentiation  
5.1 Abstract  
In the previous chapter, we observed that hMSCs on nanogratings with 250nm line 
width on polydimethylsiloxane developed aligned stress fibers and showed an 
upregulation of neurogenic and myogenic differentiation markers. The mechanistic 
study confirmed that the regulation was dependent on actomyosin contractility, 
suggesting a direct force-dependent mechanism. The topography-induced 
differentiation could be observed on different ECM compositions but the response is 
independent of direct ECM-induced hMSC differentiation pathway. The observed 
cellular focal adhesions within these cells were also significantly smaller and more 
elongated on the nanogratings compared to micro-gratings or unpatterned control. 
These results collectively suggest that focal adhesion (FA) complex signaling can 
play a role in topography-induced stem cell fate determination. 
In this chapter, we found that nanotopography-induced human mesenchymal stem 
cells (hMSC) differentiation through cell mechanotransduction is modulated by the 
integrin-activated focal adhesion kinase (FAK). Essentially, FAK phosphorylation 
was required for topography-induced hMSC differentiation while FAK 
overexpression overruled the topographical cues in determining cell lineage bias. The 
results indicated that FAK activity had a direct impact on topography-induced gene 
expression, and that this effect of FAK was independent of cell shape. 
Mechanistically, these findings suggest that hMSCs sense and transduce 
nanotopographical signals through focal adhesions and actomyosin cytoskeleton 
contractility to induce differential gene expression. 
102   
5.2  Introduction 
Nanotopography can induce different cellular response depending on the underlying 
patterns; therefore obtaining desired stem cell behavior is possible through the use of 
optimally designed topographical substrates. The molecular understanding of how 
stem cells sense nanotopography and how these cues are being transmitted will thus 
be critical for the efficient use of this technology. 
 One possible mode of this signal transmission is mechanotransduction where 
physical cues are transduced via mechanical forces to signaling pathways involved in 
detecting and responding to the ECM. This interaction is initiated at the cell-matrix 
interface, possibly through the integrins [170] before mechanical forces exerted by the 
ECM are sensed by the FA complex and in turn activates downstream FA signaling 
pathways. Indeed, nanotopography was able to induce changes in hMSCs integrin 
subunits clustering as compared to hMSCs on a unpatterned substrate [170], 
suggesting that topographical signals can be transduced via modulation of integrin 
clustering to the FAs signaling components in hMSCs. 
The clustering of integrins in turn recruits various different FA proteins for complex 
assembly. FAs are multi-component macro-assemblies of protein complexes that 
serve as a nexus between the actin cytoskeleton (CSK) and the ECM. One such 
protein tyrosine kinase, focal adhesion kinase (FAK), has been shown to be an 
important mediator in the mechanotransduction pathway by responding to substrate 
rigidity, topography [182] and regulating tension via the actin CSK (reviewed in 
[146]).  When activated by α5β1 integrin signaling, FAK is recruited to the FA site and 
auto-phosphorylates at the Y397 site before affecting further downstream reactions 
including FA turnover and the actin stress fiber formation [26, 183]. It also has 
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various other sites of phosphorylation, namely, tyrosine-407, tyrosine-576, tyrosine-
577, tyrosine-861 and tyrosine-925 [185]. 
One notable downstream pathway mediated by FAK involves the small GTPase 
RhoA. RhoA stimulates actomyosin contraction, [236] regulates cell proliferation 
[237] and has been shown to regulate cell fate [8]. FAK may therefore be an 
important regulator for cells in detecting and sensing the topographical features in the 
ECM. Numerous studies have focused on the role of FAK in regulating proliferation, 
adhesion and migration of cells but little has been done to characterize the role of 
FAK in topography-induced stem cell differentiation without interference from 
biochemical cues [187].  
In order to uncover the mechanism for topography-induced cell differentiation, we 
aim to understand the role of FAK in the topography-induced cell differentiation. We 
hypothesize that topography-induced hMSC differentiation occurs through 
mechanotransduction, where signals from the underlying topography are transduced 
through the focal adhesions (FAs) to the actin-CSK before shaping the nucleus to 
influence cellular gene expression. 
In this chapter, we seek to understand FAK phosphorylation in transducing 
nanotopographical cues and in the differentiation of stem cells and how the spatial 
and temporal activity of FAK phosphorylation affects the phenotypic and genomic 
response of hMSCs on nanotopography. 
5.3  Materials and methods 
The fabrication of substrates, culture of hMSCs, protein quantification, quantitative 
PCR, siRNA knockdown, and hyperposphorylation FAK induced by SuperFAK were 
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described in chapter 3.  The FAK phosphorylation was also inhibited with a small 
molecule inhibitor.  The details of the selection and optimization of the small 
molecule inhibitor will be described in this section.   
5.3.1 List of possible FAK small molecule inhibitors 
Several methods exist to reduce or completely inhibit the activity of FAK. These had 
been used by various groups and include using dominant negative FAK cells, FAK-/- 
cells or FRNK-expressing cells [237-239]. In recent years, small molecule FAK 
inhibitors have been developed which are just as effective and easier to use in 
inhibiting the activity of FAK. They work by binding to the tyrosine-397 site and 
preventing phosphorylation of the tyrosine-397. 
5.3.1.1  FAK inhibitor 1,2,4,5-Benzenetetraamine 
Tetrahydrochloride 
Using a computer modeling approach, 1,2,4,5 Benzenetetraamine Tetrahydrochloride 
(MW 284) was found to be a FAK inhibitor which acts through blocking the tyrosine-
397 autophosphorylation site. The inhibitor specifically and directly blocked 
phosphorylation of tyrosine-397 in a dose and time-dependent manner. Using an in 
vitro kinase assay the inhibitor showed an IC50 of about 1μM. Cell detachment, 
reduced cell adhesion and breast tumor growth with no significant cell apoptosis were 
observed when the inhibitor was tested with cancer cell lines BT474 and MCF 10A 
[240]. The inhibitor is soluble to 100mM in water and to 75mM in DMSO. The 
chemical structure is shown in Fig 5.1. 
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Figure 5.1 Chemical Structure of 1,2,4,5-Benzenetetraamine Tetrahydrochloride [240] 
5.3.1.2 FAK inhibitor PF573228 
Another small molecular inhibitor is PF573228, with a chemical name of 3,4-
Dihydro-6-[[4-[[[3-(methylsulfonyl)phenyl]methyl]amino]-5-trifluoromethyl)-2-
pyrimidinyl]amino]-2(1H)-quinolinone. It inhibited the recombinant catalytic 
fragment of FAK in vitro with an IC50 of about 4nM. The inhibition of theY397 
phosphorylation in FAK of REF 52 cells was observed with an IC50 of about 100nM. 
The IC50 of this inhibitor appeared to vary in different cell types. PF573228 did not 
induce apoptosis in REF 52 and PC3 cells at low concentration, but inhibits migration 
and decreased focal adhesion turnover [27]. It is soluble in DMSO to 100mM. The 
chemical structure is shown Fig 5.2. 
 
Figure 5.2 Chemical structure of PF573228 [27] 
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5.3.1.3 FAK inhibitor NVP-TAE226 
NVP-TAE226, also known as TAE 226, (2-[5-chloro-2-[2-methoxy-4-(4-
morpholinyl) phenyl-amino] pyrimidin-4-ylamino]-N-methylbenzamide) inhibits 
FAK phosphorylation and AKT, extracellular signal-related kinase and S6 ribosomal 
protein. It induced a dose-dependent decrease in proliferation via blocking the 
progression of G2 cell cycle arrest in every cell line tested. It also induced apoptosis 
in some cell line and inhibits cell migration and adhesion in glioma cells [241]. It has 
an IC50 of about 6.24nM in vitro calculated using an anti-phosphotyrosine based 
ELISA assay [242]. The chemical structure is shown in Fig 5.3. 
 
Figure 5.3 Chemical Structure of TAE 226 [242] 
 
5.3.2 Using alamarBlue® cell proliferation assay to optimize PF573228 
concentration 
FAK inhibitor, PF573228, was added to the cell culture medium of hMSCs cells in a 
96-well tissue culture plate for 5 days at concentration ranging from 0.01μM to 1μM. 
Subsequently, the medium was aspirated and fresh medium with alamar blue 
(Invitrogen) in a ratio of 9:1 was added. After 4 hours of incubation, a fluorescence 
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excitation wavelength of 570 nm was used for excitation and the fluorescence 
emission at 585nm was measured using a microplate reader (Tecan, Infinite 200). The 
result was normalized and plotted into a graph of percentage of cell viability vs. 
inhibitor concentration. Each condition was tested in triplicates. 
5.3.3 Wash out assay for pFAK inhibition 
In order to determine the crucial period of FAK sensing of the topography, five 
parallel sets of experimental groups were carried out to investigate the temporal effect 
of pFAKi on MAP2 neuronal gene expression in hMSCs. The method has been 
briefly described in section 3.9. In particular, for each group, hMSCs were cultured in 
pFAKi added medium for different time periods ranging from zero to seven days.  
pFAKi was added into the cell culture medium from the onset of cell seeding except 
for 0/7 days time point where no pFAKi was added. The pFAKi medium was replaced 
with basal hMSC proliferation medium (MSCGM) after the stipulated time period of 
FAK inhibition till the end of the experiment (Day 7). All samples were used for RNA 
isolation or immunofluorescence staining after 7 days of culture from cell seeding. 
Table 5.1 shows the experimental set-up for investigating the crucial time period of 
pFAK activity for topography-induced cell differentiation. 
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Table 5.1 Experimental set-up of FAK inhibition study to relate crucial time period of pFAK activity to 
topography-induced hMSC differentiation. All experimental groups except control were treated with 
PF573228 inhibitor according to the periods stipulated in the table. At day 7, all experimental groups were 
analyzed for neuronal gene expression markers using quantitative RT-PCR or fluorescently labeled to show 
cell morphology. 








after day 7 
Group 
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hMSC Growth Medium 
Group 
2 
+FAKi hMSC Growth Medium 
Group 
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5.3.4 FAK inhibition by small interference RNA (siRNA) in human 
mesenchymal stem cells  
The FAK gene expression in hMSCs was also inhibited using siRNA interference. 
Briefly, the cells for transfection were seeded on tissue culture 6 well plates and 
subsequently transfected with Silencer™ validated siRNAs targeting PTK2 (S11485, 
Ambion, Inc.) using LipofectamineTM RNAiMAX transfection reagent (Invitrogen), 
according to the manufacturers' instructions. The siRNA and transfection reagent was 
reconstituted in OPTI MEM (Invitrogen) separately before being mixed together for 
15mins to form transfection complexes giving a final siRNA concentration of 25 nM. 
The complexes were then dispensed onto the cells in six well plates and the medium 
was replaced with MSCGM after 24 hours.  Untransfected hMSCs and Ambion's 
validated Silencer™ negative control siRNA (Ambion, Inc.) transfected hMSCs were 
used as controls. 
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For siRNA studies on nanotopography, transfected hMSCs from the above-mentioned 
protocol were trypsinized and seeded onto the patterned or unpatterened PDMS. The 
FAK and pFAK expression was analysed by western blotting while neuronal marker 
expression was analysed by real-time PCR and immunofluorescence staining after 7 
days. 
5.4 Results and Discussion 
Chapter 4 has illustrated the correlation between the pFAK/FAK ratio and the 
upregulation of neuronal marker expression in hMSCs.  The data suggested that the 
activity of FAK and the phosphorylation of FAK could play an important role in the 
topography-induced hMSC differentiation.  
5.4.1 Optimization of FAK inhibitor PF573228 concentration by 
alamarBlue® cell proliferation assay 
We first determined the type of inhibitor and the appropriate concentration of the 
inhibitor to use. The FAK inhibitor PF573228 (Tocris Bioscience) was chosen as it 
appears to be more effective at a lower concentration as compared to 1,2,4,5-
Benzentetraamine Tetrahydrochloride, and unlike TAE 226, it does not induce 
apoptosis. However, as stated in section 5.3.1.2, different types of cells respond 
differently to PF573228, and its effect on hMSCs had not been previously studied. As 
a result, there was a need to determine the appropriate concentration to be used. The 
ideal concentration of PF573228 is the maximal concentration that will not generate 
levels of toxicity that decrease the viability of the cells. 
In order to determine the appropriate concentration of inhibitor to be used, a 
fluorometric alamarBlue® assay was performed to quantitatively measure the hMSC 
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proliferation under the effects of various PF573228 concentration. The results from 
the assay will enable the assessment of the cytotoxicity of the FAK inhibitor on 
hMSCs. The assay incorporated a redox (reduction-oxidation) fluorometric/ 
colorimetric indicator in response to the chemical reduction of growth medium as a 
result of cell growth [243].  
Figure 5.4  Effect of Y397-FAK inhibitor (pFAKi) on hMSC cell viability. 
Cell viability assay of the focal adhesion kinase (FAK) small molecule inhibitor PF57332 using Alamar Blue 
after 7 days. hMSCs were cultured in a 96 well plate with different concentrations of pFAK inhibitor (PF573228) 
ranging from 0.01µM to 1.00 µM. Results indicated a half maximal inhibitory concentration (IC50) of 0.5µM 
while 0.1µM showed good hMSC viability and efficient pFAK inhibition (Figure 5.5). Data points were plotted 
as mean ± standard deviation, n=3. 
 
The results from the assay indicated a half maximal inhibitory concentration (IC50) of 
0.5µM while 0.1µM showed good hMSC viability and efficient pFAK inhibition. At 
concentration higher than 0.1µM, cell viability decreases at an exponential rate, 
indicating that the FAK inhibitor acts in a dose-dependent manner, consistent with 
previous characterization on other cell types [27]. We confirmed the inhibition of 
tyrosine 397 phosphorylation sites in FAK using PF573228 inhibitor at 0.1µM 
concentration. The pFAKi treated cells maintained native FAK expression (Fig. 5.5) 
with no visually apparent changes to their morphology when fully spread. Western 
blot analysis of the hMSCs with 3 days of pFAKi treatment showed 5-fold lesser FAK 
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phosphorylation than the untreated cells. The results showed that the FAK inhibitor 
acts in a dose dependent manner, which was consistent with the previous study [27]. 
A concentration of 100nM will be used for further experiments as this is the 
maximum concentration of inhibitor that can be used without showing a decrease in 
cell proliferation. This result was also verified by our immunostaining results, where 
cell viability does not seemed to be compromised at this concentration of inhibitor 
used. 
 
Figure 5.5 Effect of 100nM PF573228 on phosphorylated FAK (pFAK) protein expression of hMSCs on 
PDMS substrates after 7 days of culture. 
GAPDH protein was used as the endogenous control. Corresponding densitometric analysis of pFAK/FAK ratio 
(normalized to GAPDH) showed reduced pFAK under the effect of PF573228 in cell culture medium. 
5.4.2 Effect of PF573228 (pFAKi) and nanotopography on pFAK  
The results shown in chapter 4 have suggested a role for focal adhesion signaling 
within stem cells in topography-induced differentiation. To quantify the difference in 
the phosphorylation level induced by the nanopatterns, the hMSCs were cultured on 
nanotopography and the pFAK/FAK ratios were compared between nanogratings and 
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unpatterned PDMS substrates. The western blot densitometry analysis of hMSCs on 
nanogratings showed higher pFAK/FAK ratios (2-fold) than cells on unpatterned 
controls (Fig. 5.6A). 
To investigate the role of FAK phosphorylation and activation in topography-induced 
hMSC differentiation, hMSCs were cultured on nanogratings with the addition of 
Y397-FAK autophosphorylation inhibitor [27] PF573228 (pFAKi, 100nM) into the 
cell culture media for 7 days. When pFAK was inhibited using pFAKi during the 7-
days culture, MAP2 upregulation was abrogated in the hMSCs (Fig. 5.6B). The 
experiment indicated the importance of FAK phosphorylation in topography-induced 
upregulation of MAP2 expression. 
 
Figure 5.6 Y397-FAK inhibitor (pFAKi) PF573228 inhibits topography-induced differentiation 
(A) Comparative densitometric analysis of pFAK protein expression in hMSCs on nanogratings and unpatterned 
PDMS after 7 days of culture. (p<0.05 * vs unpatterned PDMS, n=3). (B) RT-PCR analysis of the MAP2 in 
hMSCs cultured on 250nm gratings and unpatterned PDMS substrates after 7 days with the addition of pFAKi. 
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FAs bridge the CSK to the ECM and sense the force generated by the cells via its 
CSK network [244]. Thus, it is reasonable to pinpoint FAs as important sensors of 
topography. In an earlier study, the hMSCs on nanotopography showed lower 
expression of integrin subunits α2, αV, α6, β2, β3 and β4 than cells on unpatterned 
substrates [170]. The study suggests that the topographical signals can be transduced 
via different integrins to the FAs signaling components in hMSCs. Focal adhesion 
kinase (FAK) is one such signaling molecules that upon integrin activation, auto-
phosphorylates at the Y397 site before binding and phosphorylating Src-family 
tyrosine kinases. Interestingly, the Src-family kinases are highly enriched in nervous 
systems and are involved in axon guidance signaling [245]. From these results, it was 
shown that FAK regulates topographic control of hMSC neuronal differentiation 
mediated via integrins and CSK contractility.  
The increased Y397-FAK phosphorylation in the hMSCs on nanotopography 
indicated that topography is able to increase FAK activation in hMSCs. Combining 
our results with the NM II inhibition from the previous chapter, we speculated that 
FAK tyrosine phosphorylation will be crucial for topography sensing and topography-
induced differentiation. The specific inhibition of pFAK in this section abrogated the 
upregulation of neuronal markers in hMSCs cultured on topography, indicating the 
importance of FAK in topography sensing and induced differentiation. The results 
showed that FAK is an upstream mechanosensor of topography and possibly triggers 
a series of downstream pathways for the neuronal marker gene expression. A recent 
study of cellular motility indicating FAK upstream recruitment to nascent adhesion 
sites, as opposed to talin, within the first 24 hours of attachment [246] could lend 
support to the role of FAK as an early mechano or topography sensor. 
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5.4.3 Nanotopography-induced cell shape and differentiation is 
temporally dependent on FAK phosphorylation 
In the earlier experiments (section 5.4.2), hMSCs were subjected to 7 days pFAK 
inhibition on nanogratings. It was thus essential to determine the crucial time period 
of nanotopography sensing by hMSCs for induced differentiation. The approach was 
to use a simple wash out experiment to subject hMSCs on nanogratings to different 
time periods of pFAKi. By varying periods of pFAKi incubation, we observed that 
MAP2 expression was a function of pFAKi incubation time (Fig. 5.7). The MAP2 
expression significantly decreased in all periods of pFAKi incubation but most 
significantly during the first 24 hours.  
 
Figure 5.7  Quantitative PCR analysis of MAP2 on nanogratings for different time periods of pFAKi 
incubation. 
(** p<0.01 0/7 days pFAKi vs. all other groups, n=4). FAK phosphorylation during the first 24 hours on 
nanotopography was crucial for topography sensing and MAP2 gene expression. 
 
When the hMSCs were analyzed for phenotypic and FA changes during these periods, 
the typical elongated and aligned cell morphology on nanogratings transited to a 
rounded and enlarged morphology with increasing periods of pFAKi incubation (Fig. 
5.8). Under longer periods of pFAKi incubation, hMSCs also showed increased 
paxillin expression that was concentrated in the cell periphery. Microspikes typical of 
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non-polar cell spreading were also observed in hMSCs incubated with pFAKi beyond 
5 days. Although MAP2 expression appears to correlate with cell shape, the reduced 
MAP2 expression in the elongated hMSCs after 3 days of pFAKi treatment suggests 
that hMSC’s MAP2 expression was not dependent on cell shape, but rather primarily 
regulated by the early activation of FAK in response to the topography. 
 
Figure 5.8 hMSCs immunofluorescence images for different pFAKi incubation periods after 7 days.   
(Double ended arrows = grating axis, scale bars = 80µm). The typical elongated and aligned cell morphology 
on nanogratings transited to a rounded and enlarged morphology with increasing periods of pFAKi incubation.
 
To identify the time window of critical FAK activity for regulating topography-
induced hMSC differentiation, pFAKi wash out experiments were performed at the 
predetermined time points. From our data, FAK activity was critical for both 
topography sensing and induced differentiation during the first 24 hours of hMSC 
adhesion in response to topography. The early inhibition of pFAK in the first 24 hours 
was sufficient to block the topography-induced differentiation later on. Taken 
together, these results were consistent with the time period of hMSC alignment to 
topography as well as FAK recruitment and activation. The blocking of FAK 
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phosphorylation would indirectly impede the feedback signals between integrin-FAK-
CSK, which were crucial for the topography sensing and induced differentiation.  
Since increasing periods of pFAK inhibition was able to reduce the MAP2 expression, 
it indicates a form of FAK-regulated transcriptional control in hMSCs. 
The transition from aligned and elongated hMSCs into the rounded and spread out 
morphology upon pFAK inhibition were consistent with the earlier observations in 
FAK-/- cells [247]. The rounded cell morphology observations corresponded to an 
early stage of non-polar cell spreading [248, 249], which indicated that topographical 
cues sensing requires FAK phosphorylation. The pFAKi causes FA turnover failure, 
impairing migratory response of hMSCs on topographical cues, leading to stronger 
cell-substrate adhesions and the observed non-polarized cell state. The observations of 
elongated cell morphology even after 3 days of pFAKi incubation, yet a 
corresponding low MAP2 gene expression, suggests that FAK had a more direct 
effect on MAP2 gene expression as compared to cell shape. These findings showed 
early FAK activity to be critical in topography sensing and subsequently gene 
regulation in stem cells.   
5.4.4 Nanotopography-induced changes in FAK phosphorylation sites at 
early time points 
Since we have established that early FAK activity was crucial for topography sensing, 
we were interested to determine if nanotopography was able to modulate different 
phosphorylation sites other than Y397 during the early stages. Fig. 5.9 shows the 
tyrosine phosphorylation of FAK on the different sites after 1 hour of culture on 
nanogratings and unpatterned substrates. As compared to unpatterned PDMS 
substrates, an increased phophorylation was observed on Y397, Y861, Y925 and 
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Y407 sites. This increase was most notable in Y397, Y407 and Y925 sites. 
Interestingly, the FAK phosphorylation on Y407 and Y925 sites was almost 
undetectable in cells that were cultured on unpatterned substrates, suggesting 
topography can also exert an influence on these sites. While the results were 
promising, the experiment has to be repeated to verify this observation. The 
investigation of the signaling pathways of these different phosphorylation sites will 
allow a better understanding of the early FAK events in topography sensing.  
 
 
Figure 5.9 Western blot analysis of the various tyrosine phosphorylation sites present on FAK after 1 hour 
of adhesion on 250nm PDMS and unpatterned substrates with the corresponding densitometric analysis 
below. The pFAK/FAK ratio plotted is normalized to GAPDH. An increase phosphorylation was observed 
on sites Y397, Y861, Y925 and Y407. Note the undetectable phosphorylation on sites Y407 and Y925 
 
5.4.5 Optimization of FAK siRNA transfection in hMSCs 
In addition to using a small molecule inhibitor for FAK phosphorylation, another 
approach was taken to knockdown FAK in hMSCs using siRNA, by transfecting with 
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LipofectamineTM RNAiMAX transfection reagent (Invitrogen). The concentration of 
FAK siRNA (50nM) was chosen and optimized by quantifying the FAK gene 
expression after the transfection while keeping the concentration of transfection 
reagents constant on tissue culture polystyrene (Fig. 5.10A). 
It was observed that 25nM of FAK siRNA gave substantial FAK gene knockdown 
and an appropriate corresponding control, Negative control 2 was chosen for the 
subsequent experiments. Western blot protein analysis showed substantial decreased 
of FAK and pFAK (Fig. 5.10B) after cells were transfected for 7 days. 
 
Figure 5.10 (A) Quantitative RT-PCR FAK gene expression analysis of hMSCs transfected with different 
concentrations of FAK siRNA and negative controls and Lipofectamine negative control (Lipo). Western 
blot analysis for phosphorylated FAK (pFAK) and FAK expression levels in hMSCs using the appropriate 
negative controls with 25nM FAK siRNA (siFAK) and scramble siRNA negative control 7 days post 
transfection. GAPDH was used as the endogenous control for all western blot analysis. 
 
5.4.6 Effect of siRNA knockdown of FAK on nanotopography-induced 
hMSCs differentiation 
To analyze the effect of FAK knockdown on hMSCs’ response to nanotopography, 
the FAK siRNA transfected (siFAK) hMSCs were cultured on nanogratings for 7 
days.  Scrambled siRNA control (siRNA Control) hMSCs on nanogratings showed 
    119 
more abundant pFAK by immunofluorescence than cells on unpatterned controls (Fig. 
5.11 A-B). The pFAK signal on these substrates was notably diminished in the 
siFAK-treated hMSCs, although the pFAK-containing FA remained elongated and 
aligned as in the untransfected controls (Fig. 5.11B right).  
 
Figure 5.11 (A) Immunofluorescence images of FAK siRNA (siFAK) and anti-sense siRNA control (siRNA) 
hMSCs on the various substrates. (Double ended arrows = grating axis, scale bars = 50µm. (B) Boxes 
indicate magnified cell regions (scale bars indicate 20µm) shown below) 
 
Consistently, the western blot analysis of cells on nanogratings showed higher 
pFAK/FAK ratios than cells on unpatterned substrates (Fig. 5.12A) while siFAK 
hMSCs showed decreased FAK and pFAK on all substrates.  
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Figure 5.12 FAK siRNA inhibits topography-induced hMSC neuronal differentiation. 
(A) Western blot analysis for pFAK and FAK expression in FAK siRNA (siFAK) and anti-sense siRNA control 
(siRNA) cells cultured on the various PDMS substrates after 7 days with the (B) corresponding neuronal MAP2 
gene expression on these substrates. hMSCs on PDMS substrates were used as controls. Data are the mean ± 
SEM of three independent experiments. (**, p<0.01, *, p<0.05 vs. siRNA control 250nm)  
 
The siFAK transfected hMSCs on nanogratings also showed reduced MAP2 gene 
upregulation (Fig. 5.12B), while siRNA scrambled control transfected hMSCs showed 
expected MAP2 gene expression on nanogratings. Similarly, neuronal marker was not 
detected in the immunostaining for MAP2 in the siFAK-transfected hMSCs, although 
they remained aligned to the nanogratings (Fig. 5.13A).  The reduction in neuronal 
marker upregulation reiterated the role of FAK in topography-induced hMSC 
differentiation. 
 
Figure 5.13 Immunofluorescence images of (A, D) FAK siRNA (siFAK), (B, E) anti-sense siRNA control 
hMSCs and (C, F) untransfected hMSCs on the various substrates labeled for MAP2 after 7 days. 
(Double ended arrows = grating axis, scale bars = 50µm)  
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5.4.7 The effect of the activated focal adhesion kinase, SuperFAK hMSC 
mutant on nanotopography-induced hMSCs neuronal differentiation 
SuperFAK adenovirus construct was developed and characterized by Gabarra-Niecko 
et al. [28]. The use of SuperFAK hMSCs will provide a novel approach to 
understanding the effect of FAK hyperphosphorylation in hMSCs on nanotopography. 
The SuperFAK adenovirus construct was a gift from Dr Lewis Romer, Johns Hopkins 
University, Baltimore, USA. Notably, “SuperFAK” is an activated mutant of FAK in 
which the catalytic activity is independent of cell adhesion but the tyrosine 
phosphorylation of downstream targets is adhesion dependent. 
5.4.8 Characterization of the activated focal adhesion kinase SuperFAK 
mutant in hMSCs 
Using two different multiplicity of infection (MOI) (25 and 250) for SuperFAK 
infection, SuperFAK-infected hMSCs exhibited enhanced FAK activity in both 
adenoviral MOI concentration tested (25 and 250) as compared to the adenocontrol 
counterparts (Fig. 5.14A) 3 days after infection. Immunostained SuperFAK-infected 
hMSCs also indicated higher fluorescence intensity of pFAK and more stress fibers 
even on day 7 after infection (Fig. 5.14B). 25 MOI was chosen for subsequent 
experiments. From the immunostaining images, average infection efficiency was 
determined to be 11.19 ± 4.58 % of total cell population. The constitutively active 
FAK hMSCs showed clear staining for pFAK compared to uninfected hMSCs and the 
adenocontrol hMSCs (Fig. 5.14B). 
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Figure 5.14  (A) Western blot analysis for pFAK and FAK expression levels in SuperFAK infected 
hMSCs using different concentrations of adenovirus. Blank adenoviral was used in similar concentration 
as a control. The expression levels of FAK in these hMSCs were analyzed 3 and 7 days post infection. (B) 
Immunofluorescence images of SuperFAK infected hMSCs using two different dosages of SuperFAK 
adenovirus on glass coverslips. hMSCs on these substrates were stained for pFAK (green), F-actin (red) 
and DAPI (Blue). Scale bar indicates 50µm while MOI stands for multiplicity of infection. 
 
 
5.4.9 “SuperFAK” hMSC enhanced topography-induced neuronal 
differentiation 
In order to investigate the effect of FAK hyperactivity on topography-induced 
neuronal differentiation, hMSCs were infected with the SuperFAK adenoviral 
construct to produce constitutively active FAK hMSCs (“SuperFAK”) in vitro. 
“SuperFAK” is an activated mutant of FAK in which the catalytic activity is 
independent of cell adhesion but the tyrosine phosphorylation of downstream targets 
is adhesion dependent [28]. These SuperFAK hMSCs were then cultured on 
nanogratings to evaluate the effect of nanotopographical cues on enhanced FAK 
signaling. The increased pFAK in these SuperFAK hMSCs was observed even in the 
absence of topographical cues (Fig. 5.15A). SuperFAK cells, which were probed for 
F-actin and pFAK F-actin by immunofluorescence, showed a higher number and 
intensity of stress fibers and pFAK positive adhesions (Fig. 5.15B) after 7 days of 
culture than the adenocontrol infected cells (AC). On nanogratings, SuperFAK 
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hMSCs aligned along the grating axis, but were less elongated compared to the AC 
and uninfected hMSCs (250nm PDMS).  
 
Figure 5.15  (A) Western blot analysis of pFAK and FAK of SuperFAK infected hMSCs (SuperFAK), 
adenocontrol (AC) and uninfected hMSCs on all substrates 7 days post infection. (B) Immunofluorescence 
images of SuperFAK hMSCs (SFAK) and the controls after seven days. (Double ended arrow = grating 
axis, scale bars = 50µm)  
 
The quantitative PCR analysis showed that SuperFAK hMSCs showed a significant 
upregulation of MAP2 and NFL, even in the absence of topographical cues (Fig. 
5.16), and a smaller, nonspecific upregulation of MAP2 and NFL in AC infected 
hMSCs. Our data showed that nanotopography and FAK hyperphosphorylation could 
synergistically upregulate the MAP2 expression, exhibiting levels approximately 83-
fold and 13-fold higher than those observed in hMSCs on nanogratings and 
SuperFAK hMSCs on PDMS substrates respectively. 
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Figure 5.16 SuperFAK hMSCs on nanotopography showed enhanced neuronal gene expression. 
Quantitative PCR analysis of MAP2 and NFL in SuperFAK hMSCs (SFAK), adenocontrol (AC) and uninfected 
hMSCs cultured on different substrates after 7 days. (***   p<0.001, vs 250nm AC. ###  p<0.001 NFL vs. 
250nm PDMS, n=3). Note that the relative fold expression is in log10 scale. 
 
SuperFAK hMSCs provided an elegant approach to investigate adhesion dependent 
hyperphosphorylation of FAK on nanotopography, reinforcing the role of integrins in 
topographical signaling.  When the hyperactive SuperFAK hMSCs were used, the 
signaling activity (via tyrosine phosphorylation) of FAK upon adhesion to culture 
surfaces was greatly enhanced. The SuperFAK cells also retained the ability to recruit 
downstream Src kinases. In the absence of topographical cues, SuperFAK hMSCs on 
unpatterned substrates showed higher MAP2 upregulation than the uninfected hMSCs 
on nanogratings, revealing the significance of FAK phosphorylation in hMSC 
differentiation. Although we did observe non-specific upregulation in the 
adenocontrol infected cells, SuperFAK hMSCs cultured on nanogratings showed the 
highest upregulation of MAP2 gene expression. This was particularly indicative of the 
amplification of pFAK signaling (and thus MAP2 expression) induced by topography. 
FAK hyperactivity primed SuperFAK hMSCs hyperactivates the downstream 
signaling pathways in response to topographical stimulation, enhancing the hMSC 
differentiation. However, late marker NFL gene expression was not as upregulated 
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possibly due to the inadequate maturation of these neuronal differentiated hMSCs , 
since specific neuronal factors were absent throughout the culture period [250].  We 
consistently observed a correlation between MAP2 gene expression and hMSCs 
pFAK/FAK expression levels in all ECM, pFAKi, siRNA and SuperFAK 
experiments. Our findings collectively suggest that the phosphorylation of FAK 
possibly acts as a signal transducer between integrins and the CSK to relay the 
topographical cues to the nucleus via the intracellular contractility. Mechanistically, 
topographical cues could stimulate CSK tension dependent YAP/TAZ transcriptional 
regulators through FAK to dictate cell lineage [251].  
5.5 Conclusion 
In this chapter, we identified and examined the crucial role of focal adhesions, 
specifically FAK in the nanotopography-induced stem cell differentiation. We showed 
that early FAK phosphorylation, within the first 24 hour of topography-contact, is 
essential for nanotopography sensing, transduction of physical cues and also for 
topography-induced neuronal differentiation. Through the aid of specific small 
molecule inhibitor targeting site specific FAK phosphorylation and siRNA 
knockdown of FAK in hMSCs, we identified a crucial role of FAK in 
nanotopography-induced cell behavior, without the influence of chemical modulators. 
In addition, hyperactivating FAK phosphorylation through “SuperFAK” infection 
ascertained that FAK triggers downstream signaling pathways that allows preferential 
lineage towards neuronal cells.   
As the focal complex is made up of a vast number of proteins [145], a candidate 
approach was taken to focus our study on specifically FAK. It is likely that adherent 
stem cells require inter-FA component crosstalk to sense the ECM topography and 
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regulate various cellular functions. Our findings do show that FAK is one of the 
important early mechanosensors of ECM topography. The increase in FAK 
phosphorylation was observed on substrates with different ECM compositions. We 
also observed a correlation between FAK phosphorylation and neuronal gene marker 
upregulation, demonstrating that hMSCs neuronal lineage differentiation was 
primarily dependent on the spatial and temporal regulation of FAK phosphorylation. 
Further detailed investigations of other cellular components involved in the 
mechanotransduction process will aid our understanding of how stem cells 
communicate the physical signals from nanotopographical substrates. 
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Chapter 6 Nanotopography influences early histone methylation in 
mesenchymal stem cells 
6.1 Abstract 
Natural tissue development requires stem cell interaction with various biophysical and 
biochemical cues in their microenvironment. Biophysical cues in the form of 
nanotopography can regulate various aspects of stem cell behavior including 
differentiation. However, it remains unclear how cells can sense and integrate these 
biophysical cues into their gene expression machinery. In this chapter, the effect of 
nanotopography on the temporal regulation of nuclear changes in human 
mesenchymal stem cells (hMSCs) was investigated. A significant increase in hMSCs 
histone methylation on 250nm anisotropic nanogratings was observed, indicative of 
gene repression in multipotent hMSCs. Interestingly, the observation was the most 
prominent within the first 24 hours of hMSC seeding on nanotopography while 
biochemical induction of hMSC exhibited an even higher level of histone methylation 
after 7 days. To investigate if the nanotopographical cues were acting via nuclear 
structural changes, we examined the expression of nuclear matrix protein lamin A 
temporally. Quantitative analysis of histone methylation and lamin A expression 
showed a correlation of epigenetic changes and lamin A expression in early events to 
transduce extracellular nanotopographical cues into nuclear biochemical signals. In 
the previous chapters, we have also observed that the FAK activity during the first 24 
hour of hMSC seeding was crucial for the topography-induced differentiation. 
Collectively, these results provide insights into the histone regulation in the 
mechanotransduction of nanotopographical cues, the temporal events and the 
mechanical linkage between nanotopography-sensing and gene regulation.  
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6.2 Introduction 
From numerous studies and the results discussed in the previous chapters, structural 
cues change the orientation of the cells, reorganize its body, nuclear shape and even 
regulate the genomic expression of stem cells. How stem cells sense and transduce 
these nanotopographical cues into differential gene regulation and translate physical 
cues into gene expression remains to be determined. 
For stem cells to respond to topographical cues, they need an intrinsic fundamental 
mechanism to relate these topographical cues to the regulation of genomic expression. 
Mechanotransduction is a possible form of long range signal transduction in these 
cells to relay topographical cues into downstream biochemical signaling pathways 
that regulate cell response. The presence of a physical continuity within the cell 
spanning from the ECM to the nucleus [29, 30] shows the possibility of such a 
mechanism to produce cell response as a result of the collective changes in multiple 
cellular components (e.g. focal adhesion, cytoskeleton and nucleus).  
6.2.1 Nuclear plasticity in stem cell differentiation 
Plasticity generally refers to a cell's ability to modulate its gene expression and often 
relates to changes in chromatin structure. An inherent regulatory challenge that stem 
cells face is that they are required to balance stability versus plasticity in their 
transcriptional programs [252]. This is most evident in embryonic stem cells which 
are required to be readily maintained in a pluripotent state ex vivo under defined 
culture conditions while they can also be induced to differentiate. Therefore, we can 
conclude that stem cell nuclei are more plastic than that of fully differentiated cells 
[253]. 
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Pajerowski et al. have shown that multipotent stem cells are highly contractile and can 
generate significant cytoskeletal stress that creates a potential driving force for cell 
motility and nuclear remodeling [254]. Using micro-deformation measured by 
fluorescence imaging combined with quantitative stress measurements, nuclear 
deformability was measured using the ratio of nuclear projection length to cell 
membrane extension (Lnuc/Lcell) after 1 min of fixed pressure aspiration. This ratio is 
near unity for highly deformable nuclei and relatively low for very stiff nuclei, 
providing a metric of relative nuclear deformability. The authors found that ESC 
nuclei were highly deformable, eventually stiffening over several days in culture, 
approaching a 6-fold higher relative stiffness that is typical of differentiated cells such 
as embryonic fibroblasts. In addition, nuclear matrix protein lamin A was found to 
contribute to the stiffness of the nucleus. This suggested that cell differentiation was 
coupled with a change in the mechanical properties of pluripotent stem cell nucleus 
with laminar proteins contributing to the nuclear stiffness. 
6.2.2 Role of histone modifications in stem cell differentiation 
Stem cell fate decisions are programmed by multiple levels of gene expression 
patterns involving the DNA. In eukaryotic cells, nucleosomes containing DNA base 
pairs wrapped around an octamer of four core histone proteins (H2A, H2B, H3 and 
H4) are packed into a chromatin structure. In order to regulate gene expression, 
changes in the chromatin structure can be made through the chemical modifications of 
the associated histone proteins to trigger gene activation or repression. These 
nucleosomal histones consist of protruding amino N-terminal tails which are 
subjected to various posttranslational modifications that influences inter-nucleosomal 
interactions implicated in controlling gene expression [255]. Histone tail 
modifications such as acetylation, phosphorylation and methylation (reviewed in 
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[256]), can form either densely packed heterochromatin or extended euchromatin, 
which are transcriptionally silent and active respectively. A combination of these 
modifications thus regulates the dynamic transitions between chromatin states that 
dictate the cell fate decisions. The identification of these epigenetic codes, also known 
as the “histone code”, can predict chromatin structures and cell fate [257]. 
As an essential epigenetic regulatory mechanism in eukaryotic gene regulation [258], 
histone modifying enzymes that have been best characterized so far includes histones 
H3 and H4 combinatorial acetylation and methylation. While the acetylation of 
Lysine9 of histone H3 (H3K9) generally correlates with gene activation, the 
enrichment of H3K9 methylation modifications are linked with gene silencing and is 
abundant in differentiated stem cells, influencing the chromatin structure and 
affecting gene expression [257]. H3K9 can exist in mono-, di- or tri-methylation 
states that are spatially regulated within the chromatin [259]. The core central regions 
of the heterochromatin are enriched for dimethylated states while pericentric regions 
have dominant trimethylated H3K9 [260]. These modifications control the 
silencing/activation of genes within stem cells. Hence, these epigenetic modifications 
in specific loci could be critical for determining the fate of stem cells [209].  In mouse 
embryonic stem cells, chromatin plasticity is influenced by reduced histone 
acetylation, increased H3K9 methylation [213]. In chemically induced human 
mesenchymal stem cell osteogenic differentiation, gene expression control was 
suggested to be controlled by changes in H3K9 acetylation and H3K9me2 using a 
combinatorial approach combining chromatin immunoprecipitation (ChIP) and 
microarray gene expression analysis [261]. In another independent study, hMSCs 
cultured on elastic membranes and microgrooves that underwent mechanical 
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stretching showed an increased in histone acetylation and a decrease in histone 
deacetylase enzymatic activity [212].  
6.2.3 Role of nuclear lamins in stem cell differentiation 
In the context of nanotopography-induced cell differentiation, it is interesting to 
characterize histone modifications in hMSCs under the effect of topographical cues. 
From a mechanobiology perspective, the nuclear envelope consists of nuclear lamins, 
which is a class of intermediate filament proteins [214]. Three subtypes of lamin 
proteins (A-type, B-type and C-type) can be found in mammals [215]. These nuclear 
lamins can be a possible mechanical linkage between the extracellular physical cues 
and the gene regulatory machinery by interacting directly with chromatin or via DNA-
associated proteins [197, 217-219]. Indeed, lamin A/C expression has been shown to 
be a marker of mouse and human embryonic stem cell differentiation [221], while 
histone changes in differentiated hMSCs were also related to lamin A/C expression 
[212]. It appears that lamin A/C proteins has a functional role in the maintenance of 
differentiated states in stem cells. Therefore, we tested the hypothesis that 
nanotopography increases the expression of lamin A/C and H3K9 methylation in 
hMSCs cultured on nanogratings. The characterization of the changes in the 
expression and localization of nuclear lamins during nanotopography-induced stem 
cell differentiation will provide novel insights into how extracellular nanoscale cues 
can be translated into biochemical signaling within the cell nucleus.   
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6.3 Materials and methods 
6.3.1 Cell culture for nuclear regulation analysis 
As described in section 3.2.1, human bone marrow mesenchymal stem cells (hMSCs) 
(CD105+, CD166+, CD29+, CD44+, CD14−,CD34−, CD45−, Lonza, Poietics) were 
cultured and expanded in serum containing Mesenchymal Stem Cell Growth Medium 
(MSCGM, Lonza) according to manufacturer’s protocol. The hMSCs used for 
experiments were at passages 4-6. The respective substrates were first plasma-treated 
and coated with 5µg/cm2 fibronectin (Biological Industries) for 1 hour at 37oC before 
cells were seeded at 5000 cells/cm2.   
For hMSCs neuronal induction, hMSCs were seeded onto the substrates cultured in 
medium supplemented with 30μM retinoic acid (RA, Sigma) from a 40 mg/ml RA 
stock solution dissolved in dimethylsulfoxide.  
6.3.2 Immunostaining analysis of H3K9me1 and lamin A in hMSCs on 
nanotopography 
Immunostaining samples were fixed and investigated at the timepoints of Day 0, 1, 4 
and 7 respectively using 4% paraformaldehyde in PBS (pH 7.4) for 15 min before 
permeabilization using 0.1% Triton X-100 for 30 min. The samples were then blocked 
using 10% goat serum, 1% bovine serum albumin (BSA) for one hour at room 
temperature to prevent non-specific binding. Samples were then incubated with the 
respective primary antibodies: Histone H3 mono-methyl K9 (1:500) and lamin A 
antibody (1:100) overnight (both from Abcam). Samples were then incubated with the 
appropriate fluorescent secondary antibodies (1:500, Alexa Fluor 488, Molecular 
Probes) at room temperature for 1 hour. Cell nucleus and F-actin was counter-stained 
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with DAPI (1:1000, Sigma-Aldrich) and Alexa Fluor 546 Phalloidin (1:500, 
Molecular Probes) respectively for 20mins. Samples were mounted and visualized 
using Olympus Fluoview FV1000 confocal microscope equipped with 20mW solid 
state 405nm, 25 mW Argon ion 458nm, 488nm, 515 nm and 1mW HeNe Green 
543nm lasers. 
6.3.3 Fluorescence intensity quantification using ImageJ 
All images used for intensity quantification were acquired using predetermined 
confocal microscopy parameters. The fluorescence intensity of H3K9me1 and lamin 
A is quantified using Average Mean Gray Value (AMGV, MGV). Mean gray value 
(MGV) is the sum of the gray values of all the pixels in the selection divided by the 
number of pixels. A perimeter is first selected around the area of quantification before 
the MGV can then be computed by ImageJ. The AMGV is the total MGV of all cells 
quantified in a sample divided by the number of cells quantified. Data is obtained 
from 3 separate experiments with triplicates for each experiment. For each sample, 
five random images were taken and used for intensity quantification.  
6.3.4 Flow cytometry analysis of H3K9me1 and lamin A in hMSCs on 
nanotopography 
Flow cytometry samples were seeded with cells from the same batch at the different 
timepoints (T) of T-7, T-4, T-1 days, with T being the time of flow cytometry analysis 
(see flowchart in Fig. 6.1 for details).  This ensured consistency in the flow cytometry 
protocol where the preparation and analysis for all samples were carried out on the 
same day. At the endpoint T, the hMSCs were detached from their respective samples 
using trypsin-EDTA (0.25%) and resuspended in wash buffer (0.1% sodium azide and 
0.5% BSA in PBS). The hMSCs were fixed in 1% PFA for 15 min on ice. 
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Subsequently, the cells were washed, vortexed and centrifuged at 1000rpm for 5 min 
before removing the supernatant. Cells were then permeabilized in 0.1% Triton-X (in 
PBS) and blocked in 2% goat serum (in PBS) for 15mins each on ice. The cells were 
then incubated with primary antibodies (1:100) at 4°C for 30 mins and then in 
secondary antibodies (1:750). The cells were washed twice between steps of antibody 
incubation to prevent non-specific binding and background noise. The cells were then 
passed through a 60µm nylon filter before being analyzed using the DAKO flow 
cytometry Analyzer (Dako Cytomation Cyan LX). Cells cultured on unpatterned 
PDMS substrates served as negative controls. Experiments were carried out thrice 
with at least triplicates in each experiment. The mean fluorescence intensity (MFI) of 
the marker of interest was then plotted as a function of nanotopography-induced 
differentiation time period. MFI is defined to be a measure of the total number of 
molecules of dye-antibody complex that binds the marker of interest (e.g. H3K9me1, 
lamin A) on the cells per total number of cells, with a cell count of 10,000. MFI 
correlates to the level of expression of the marker stained and is thus similar to the 
average integrated density per number of cells used for immunofluorescence (IF) 
staining analysis.  
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Figure 6.1 Flow chart of the experimental set-up for flow cytometric analysis of H3K9me1 and lamin A 
expression in hMSCs on nanogratings 
 
6.3.5 Statistical analysis 
Data were analysed using one-way ANOVA and Tukey’s posthoc analysis. * 
indicates statistical significance with p-value < 0.05, ** p-value <0.01 and *** p-
value <0.001. 
6.4 Results and discussion 
6.4.1 Nanotopography and its effect on stem cell cellular and nuclear 
morphology 
The replicated nanotopography was verified using scanning electron microscopy 
(SEM). The PDMS substrates that were replicated using soft lithography showed 
good pattern fidelity (Fig. 6.2 A-B). HMSCs fluorescently stained for filamentous 
actin (F-actin) on these substrates after 7 days showed cellular elongation and 
alignment of hMSCs consistent with the previous results (Fig 6.2 C-D). Notably, the 
elongation and alignment of hMSCs can be observed even after 24 hours. In addition, 
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cell nucleus was also observed to undergo elongation and partial alignment under the 
effect of nanogratings (Fig. 6.2 E-F).  
 
Figure 6.2 Effect of nanogratings on hMSCs cell morphology. 
Images of (A) unpatterned and (B) 250nm nanogratings on PDMS substrates. The corresponding hMSCs on these 
substrates were fluorescently labeled for (C-D) F-actin and (E-F) nucleus to show the cellular and nuclei 
morphology. Arrows indicate grating axis while all scale bar represent 100µm unless otherwise stated.  
 
The cell nuclei on these substrates were quantified by measuring the long and short 
axis (perpendicular to the long axis) using epifluorescent images of the cell nucleus. 
The elongation factor E (long axis/short axis -1) is then calculated to describe the 
extent of the equimomental ellipse lengthening of the nucleus due to the nanogratings 
[229]. Therefore E=0 for a circle while E=1 for an ellipse with long axis: short axis 
ratio of 1:2. On the 250nm gratings, the E factor was 0.728 ± 0.010 compared to 
0.629 ± 0.014 on the unpatterned PDMS substrates (Fig. 6.3).  The results indicated 
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that the nuclear morphology is significantly changed under the effect of nanogratings. 
This elongation in cell nuclei could be due to a physical confinement of the cell nuclei 
within the channels of these nanogrooves or a secondary result of the change in the 
whole cellular morphology under the effect of nanogratings (i.e. mechanical coupling 
between cytoskeleton and the nucleus). As the nanogrooves used in this study was 
only of 250nm gap size, it is unlikely that these changes in cell nuclei is due to the 
physical restriction within the grooves.  
 
Figure 6.3 The quantification of nuclar morphology in hMSCs cultured on 250nm PDMS nanogratings and 
unpatterned PDMS substrates after 7 days. 
Elongation Factor E = (long axis/short axis) −1. (** p-value <0.01) 
 
6.4.2 Nanotopographical cues modulates H3K9me1 expression in 
hMSCs 
Since the hMSCs nuclear morphology was significantly elongated under the effect of 
nanotopography, we were interested in studying the effect of nanotopography on 
histone methylation, more specifically, the histone 3 lysine 9 monomethylation 
(H3K9me1) epigenetic changes in hMSCs. The confocal images of 
immunofluorescently stained hMSCs for H3K9me1on the various substrates showed 
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an increase in H3K9me1 expression levels as a result of differentiation over 7 days 
(Fig. 6.4). The cells that were cultured on tissue culture polystyrene was used as 
negative control while retinoic acid was added to induce neuronal differentiation in 
hMSCs on both patterned and unpatterned substrates acting as positive controls.  
 
Figure 6.4 Confocal scanning images of hMSCs immunofluorescently labeled for H3K9me1 (green) and F-
actin (red) on 250nm PDMS and PDMS substrates on days (C-F) 1, (G-J) 4, (K-R) 7. 
(A-B) HMSCs at day 0 cultured on tissue culture polystyrene (TCPS) were used as negative controls while (O-R) 
retinoic acid (RA) was added to induce neuronal differentiation for positive controls. All scale bars indicates 
50µm while arrows indicate grating axis. 
 
The H3K9me1 fluorescence intensity was then quantified using ImageJ (section 6.3.3) 
and the results are shown in Fig. 6.5. The H3K9me1 expression was lowest in cells 
cultured on TCPS and showed an increasing H3K9me1 intensity with the time period 
of culture. Notably, 250nm nanogratings were able to induce higher intensity of 
expression in hMSCs when compared to PDMS unpatterned substrates of the same 
time period. Interestingly, hMSCs under the effect of retinoic acid after 7 days 
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showed the highest intensity of H3K9me1 expression on both the unpatterned and 
nanogratings substrates, likely due to the synergistic effect of both nanotopographical 
and biochemical cues. The results suggest that nanotopography can induce an increase 
in H3K9me1 and in turn hMSC differentiation, with increasing levels of H3K9me1 
expression from Day 0 to Day 7.  
 
Figure 6.5 ImageJ intensity quantification of H3K9me1 in hMSCs over 7days. 
The results from the intensity quantification, however, was not adequate to distinguish 
the changes in H3K9me1 expression levels between timepoints, suggesting the need 
to use a more quantitative analysis method such as flow cytometry to accurately 
determine the H3K9me1 expression levels. 
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Figure 6.6 Flow cytometry analysis of H3K9me1 expression in hMSCs cultured on 250nm PDMS and 
unpatterned PDMS substrates for different time periods. Positive controls were supplemented with retinoic 
acid (RA). The points plotted are the mean fluorescent intensity (M.F.I) ± S.D of the obtained results from 3 
separate experiments. * indicates statistical significance with p-value < 0.05. All 250nm nanogratings were 
statistically different vs Day 0 TCPS with p-value < 0.05. 
 
Based on our intensity quantification, an increasing trend of H3K9me1 in hMSCs on 
nanotopography-induced differentiated hMSCs was expected.  Using flow cytometry, 
the mean fluorescent intensity of H3K9me1 expression in hMSCs on 250nm PDMS 
and unpatterned substrates were plotted as a function of the time period of 
nanotopography induction (Fig 6.6). The H3K9me1 expression in cells on 250nm 
gratings were significantly higher for all the different time period compared to cells 
cultured on TCPS. On day 1 and day 4, cells on nanogratings showed a significantly 
higher expression of H3K9me1 compared to their corresponding unpatterned 
substrates. After 7 days, there was no difference in the histone methylation between 
cells on nanogratings and cells on unpatterned substrates, with or without RA 
induction. As the stiffness of the underlying substrate can also be a modulator of 
hMSC differentiation [160], a lineage preference could have been determined after the 
7 day time period, which was the same time period where hMSCs differentiation was 
observed in the mentioned study using substrates of different stiffness. It is also 
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evident from the RA supplemented experiment that there was a synergistic effect of 
nanotopography and chemical modulators in increasing the H3K9me1 expression.  
More interestingly, the results were indicative that the greatest change in H3K9me1 
expression levels between time points occurred between Day 0 and Day 1. This was 
consistent with a previous study by Fu et al. that hMSCs that were exposed to early 
variations in mechanical responses (by using elastomeric pillars of different heights 
and thus different stiffness) had their differentiation lineage predetermined or rapidly 
developed distinct developmental potentials as early as after 24 hours [234]. In 
addition, results from the previous chapter also indicated that FAK activity was most 
crucial during the first 24 hours in hMSCs on nanotopography for topography sensing 
and induced differentiation. These results collectively show that epigenetic changes in 
the form of histone methylation take place as early as the first 24 hours when exposed 
to topographical cues. 
 
Figure 6.7  Representative population histogram overlay for hMSCs on 250nm nanogratings and the 
corresponding H3K9me1 expression. Graphs for Day 0 (red), Day 1(green), Day 4(blue) and Day 7(yellow) 
are shown in different respective colours. 
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The results from the representative histogram of hMSCs population with histone 
methylation on the various timepoints, the histone methylation in hMSCs on 
nanotopography were heterogeneous (Fig. 6.7), suggesting varying levels of 
differentiation in the stem cell population on nanotopography. Notably, the results 
also showed a large increase in the number and intensity of hMSCs that were stained 
positive for H3K9me1 after 1 day of culture on nanogratings, suggesting that the first 
24 hours was crucial for topography-induced differentiation and epigenetic changes. 
6.4.3 Nanotopography effects early changes in hMSCs laminar proteins  
Nuclear lamins were traditionally thought to provide structural support and 
organization to the nuclear envelope [262], but recent studies have shown that laminar 
proteins, in particular lamin A/C can be a novel marker for differentiated ES cells 
[213, 221], indicating contributions to other cellular functions within stem cells. 
Therefore, it will be interesting to characterize the expression of lamin A in 
topography-induced differentiated hMSCs. Lamin A expression occurs around the 
nuclear envelope as a thick green fluorescence band. The confocal imaging of hMSCs 
immunofluorescently labeled for lamin A proteins showed a qualitative increase in 
lamin A expression as a result of differentiation over the 7 days experimental period 
(Fig. 6.8).  Lamin A expression levels were lowest in undifferentiated cells on TCPS 
day 0 substrates while cells after 7 days on nanogratings appeared to show the highest 
lamin A expression. Interestingly, cells that were cultured on nanogratings 
supplemented with retinoic acid (RA) did not show higher levels of lamin A 
expression compared to cells on nanogratings only. 
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Figure 6.8  Confocal scanning images of hMSCs immunofluorescently labeled for lamin A (green) and F-
actin (red) on 250nm PDMS and PDMS substrates on days (B-C) 1, (D-E) 4, (F-I) 7. (A) HMSCs at day 0 
cultured on tissue culture polystyrene (TCPS) were used as negative controls while (H-I) retinoic acid (RA) 
was added to induce neuronal differentiation for positive controls. All scale bars indicates 50µm while 
arrows indicate grating axis. 
 
Similarly, lamin A fluorescence intensity was quantified using ImageJ. The results 
showed a similar trend to histone methylation in hMSCs on nanogratings over the 7 
days, with the lamin A intensity increasing over the 7 day period (Fig. 6.9). HMSCs 
cultured on nanotopography showed higher levels of lamin A compared to their 
corresponding unpatterned substrates. 
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Figure 6.9 ImageJ intensity quantification of lamin A in hMSCs over 7 days. 
 
To investigate the quantitative change between timepoints, flow cytometry analysis 
was used to determine lamin A expression levels in nanotopography-induced hMSCs 
differentiation.  After the first day of culture, cells showed a significant increase in 
lamin A expression with or without nanotopographical cues and RA induction (Fig. 
6.10). Although a slight increase in lamin A was observed with increasing time 
periods, RA induction was not able to significantly increase the expression of lamin A 
in hMSCs.  Similar to the H3K9me1 expression in hMSCs on nanogratings, we 
observed a significant increase in lamin A expression of cells cultured on 
nanogratings after the first 24 hours; however, the observed effect could also be due 
to differences in the mechanical properties of the substrates (PDMS vs. TCPS). Lamin 
A could therefore be a possible downstream common molecular protein target in 
transducing both extracellular nanotopographical cues and substrate stiffness. Earlier 
studies showed that the partial knockdown of lamin A/C in hMSCs did not 
significantly change nuclear shape and cell viability [212], thus the role of lamin A in 
mechanotransduction of nanotopographical cues remains to be uncovered. These 
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results however demonstrated that nuclear matrix protein lamin A showed a 
significant response to physical cues, indicating its involvement in the 
mechanotransduction and topography-induced differentiation process. 
 
Figure 6.10 Flow cytometry analysis of Lamin A expression in hMSCs cultured on 250nm PDMS and 
unpatterned PDMS substrates for different time periods. Positive controls were supplemented with retinoic 
acid (RA). The points plotted are the mean fluorescent intensity (M.F.I) ± S.D of the obtained results from 3 
separate experiments. *** indicates statistical significance with p-value < 0.001. All results were statistically 
different vs Day 0 TCPS with at least p-value < 0.05 except for negative control. 
 
Figure 6.11 Representative population histogram overlay for hMSCs on 250nm nanogratings and the 
corresponding lamin A expression. Graphs for Day 0 (red), Day 1(green), Day 4(blue) and Day 7(yellow) are 
shown in different respective colours. 
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In contrast to H3K9me1 expression, representative histogram of hMSCs population 
with lamin A expression showed relatively homogenous population (narrower peak 
width) with lamin A expression (Fig. 6.11). The results also showed a large right shift, 
which suggest a dramatic increase in the number of cells stained positive for lamin A 
after 24 hours of culture on nanotopography, reiterating that the first 24 hours was 
most crucial for topography-induced differentiation, nuclear matrix remodelling and 
epigenetic changes. 
6.5 Conclusion 
In addition to the cytoskeletal remodelling and cellular alignment observed in cells on 
nanogratings, our results in this chapter also demonstrated that nanotopography can 
modulate nucleus morphology, histone methylation and in some extent nuclear matrix 
lamin A expression. Cell nuclei of hMSCs on nanogratings showed significant 
elongation, while preliminary qualitative results obtained from immunofluorescence 
staining of both H3K9me1 and lamin A expression levels showed an increase during 
nanotopography-induced differentiation. Semi-quantification of the IF images by 
measuring the average mean gray values of H3K9me1 and lamin A expression also 
suggested that nanotopography had a greater differentiation-inducing effect compared 
to the control substrates. These two findings were in agreement with the initial 
postulated hypothesis. However, due to the qualitative nature of IF staining, a more 
quantitative flow cytometric method was used. 
 
Flow cytometry results verified the observations from the confocal images, in that 
both H3K9me1 and lamin A expression levels increased during nanotopography-
induced differentiation. Nanotopography could induce a higher expression of 
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H3K9me1 on day 1 and day 4, as compared to the hMSCs on unpatterned substrates.  
The largest increase in the H3K9me1 expression occurred within the first 24 hours of 
exposure to nanotopographical cues. A similar observation of a dramatic increase in 
the lamin A expression after the first 24 hours of cell culture reiterate the importance 
of cell-substrate sensing within the first 24 hours for stem cells, which was also 
supported by our results from the previous chapter that early (first 24 hour) FAK 
activity was crucial for the appropriate cellular morphology and differentiation. 
 
In conclusion, the experiments in this chapter allowed us to understand and better 
define the nuclear changes that occurred in hMSCs during nanotopography-induced 
differentiation. More experiments that decouple the effect of substrate stiffness and 
nanotopographical cues should be carried out to provide a better understanding of the 
contribution of each of the extracellular physical cues.  The findings from this chapter 
are part of a holistic study aimed at understanding nanotopography-induced stem cell 
differentiation from a mechanobiological perspective. The changes in hMSCs are a 
result of nanotopography-induced changes in integrin clustering and focal adhesion 
signaling via mechanical forces through the actin cytoskeleton. This possibly led to a 
change in cytoskeletal contractility, which may play a significant role in influencing 
gene expression and differentiation in the stem cell nucleus. The insights into the 
mechanisms (e.g. FAK, H3K9me1) by which nanotopography induces stem cell 
differentiation could be beneficial in providing a more efficient way to regulate the 
fate of the stem cell for future therapeutic applications. 
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Chapter 7 Conclusion and recommendations  
7.1 Conclusion 
The aim of this dissertation was to provide an understanding of the mechanobiology 
of nanotopography-induced differentiation in human mesenchymal stem cells 
(hMSCs).  The project was drafted to provide the mechanistic link between 
biophysical cues and stem cell differentiation, with minimal crosstalk interference 
from differentiation supplements. A cellular differentiation model using 
nanotopography only, without using additional biochemical induction, was thus 
chosen.  
By adopting a mechanobiology perspective to the research problem, the aim of the 
project was achieved through the use of synthetic engineered extracellular matrixes 
(ECM) in the nanoscale, a careful selection of ECM protein composition, the 
manipulation of actomyosin contractility with pharmaceutical inhibitors, knockdown 
of FAK using inhibitor or siRNA and the hyper-phosphorylation of “SuperFAK” in 
hMSCs.  
While nanotopography-induced differentiation has earlier been observed in hMSCs, 
the first objective of the project was to verify that this occurrence was a cytoskeletal 
force-mediated process. By using nanopatterned substrates, it was shown that hMSCs 
adopted the typical aligned and elongated phenotype but lost this alignment and 
elongation under the influence of a myosin II inhibitor Blebbistatin, establishing 
actomyosin contractility as an important mediator of stem cell phenotypic response to 
nanotopography. With regards to stem cell differentiation, Blebbistatin abrogated the 
upregulation of neuronal marker expression, such as MAP2, in hMSCs on 
nanotopography. Repeating the same experiment using a ROCK inhibitor Y27632 
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showed similar results, verifying our observations that nanotopography-induced 
hMSC neuronal differentiation is actomyosin dependent.  In order to demonstrate that 
these results were not neuronal lineage specific, Blebbistatin and Y27632 reduced the 
expression of both neuronal and myogenic markers, typically expressed by hMSCs 
when elongated on nanotopographical substrates. These results ascertained that the 
cell sensing of nanoscale topography and the subsequent differentiation was 
actomyosin dependent.  Using an array of elliptical micropillars, the anisotropic 
rigidity cues also induced the hMSCs to adopt similar phenotypic and genotypic 
behavior on these substrates, which further reinforced the significance of mechanical 
forces in topography-induced hMSCs differentiation. The different components of 
ECM can affect downstream targets including integrins and focal adhesion 
complexes, and thus they can influence the force transmitted through the actin 
cytoskeleton. We then asked how the ECM affects topography-induced hMSC 
differentiation.  Through the use of various characteristic ECM coatings, we 
demonstrated that nanotopography-induced differentiation was dependent on ECM 
coating via different levels of cellular focal adhesion kinase (FAK) phosphorylation. 
To minimize the bias influence from the ECM biochemical signals, fibronectin was 
chosen to be used for the subsequent investigations.  
Since ECM and the actin cytoskeletal force were crucial for hMSC differentiation on 
nanotopography, we were interested in investigating whether nanotopography can 
also modulate focal adhesion, the linker between these two components.  Using 
different gratings size with the same height, we found that the size and aspect ratio of 
hMSCs mature focal adhesions on nanotopography was different from those on 
micron-sized topography, suggesting an intricate sensing mechanism within these 
cells to distinguish the scales of these extracellular topographical cues.  The results 
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from chapter 4 collectively suggests that focal adhesions can be a molecular 
nanotopography sensor that detects these nanoscale cues and transduce the signals via 
secondary signaling pathways to control the cell fate.  
Since we were able to observe a change in FAK phosphorylation and a modulation of 
FA (visualized with IF staining of paxillin) size and aspect ratio, another series of 
experiments were planned to uncover the possible molecular mechanism underlying 
nanotopography-induced differentiation. As FAK is known to be an important signal 
transducer in the focal adhesion signaling pathways and we had observed correlations 
of pFAK to neuronal gene expression in the earlier phase of the study, we decided to 
investigate if FAK was essential for nanotopography-induced differentiation.  The 
results from chapter 5 verified the importance of FAK in the mechanotransduction of 
nanotopographical signals. Using a small molecule inhibitor, the inhibition of pFAK 
was sufficient to reduce topography-induced cell differentiation. In addition, findings 
from the pFAKi wash out experiments showed that the early FAK phosphorylation, 
within the first 24 hour of topography-contact, is essential for nanotopography 
sensing, transduction of physical cues and also for topography-induced neuronal 
differentiation. Using the “SuperFAK” expressing hMSCs, the hyperactivated FAK 
phosphorylation triggered upregulation of MAP2 neuronal marker in these cells with 
or without topographical contact. Taken together, results from both chapter 4 and 5 
provided mechanistic insights to the nanotopography-induced hMSC differentiation, 
showing that the ECM, FAK and actomyosin contractility all modulates the neuronal 
differentiation in hMSCs.  
To look at the mechanobiology holistically, we also characterized components of the 
nucleus that were known to be important for stem cell differentiation. Histone 
methylation and lamin A expression are known to modulate stem cell differentiation, 
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but their roles were unclear in differentiation induced by nanotopography. 
Experiments carried out in chapter 6 were targeted at identifying the epigenetic 
changes within the hMSCs under the effect of nanotopography. Remarkably, the 
histone 3 lysine 9 monomethylation (H3K9me1) and lamin A expression was 
modulated in part by the nanotopography contact. The results of a dramatic increase 
in H3K9me1 and lamin A after 24 hours on nanotopography were also consistent with 
the identification of the crucial temporal window for nanotopography sensing in the 
earlier chapters.  
In conclusion, the results obtained from this work identified a role for FAK in the 
mechanotransduction of nanotopographical cues to induce stem cell differentiation. 
The regulation of FAK in hMSCs on nanotopography was spatially and temporally 
regulated, while ECM affects hMSC gene expression through pFAK. Notably, this 
regulation is actomyosin dependent. We also observed an early cell sensing 
mechanism within the 24 hour of topography contact, involving FAK, histone 
methylation and nuclear lamin expression to transduce nanotopographical cues into 
gene expression. The findings provide a mechanistic understanding of how cells sense 
nanotopography and identified the essential components within this pathway from a 
mechanobiology perspective.  
7.2 Recommendations  
In this section, alternatives to improve upon the current study and future directions 
will be discussed. Some limitations of the current study will also be considered. 
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7.2.1 Chemical patterning – protein patterns 
The substrates used in this study had nanoscale features on the surface. From our 
results, hMSCs showed cell elongation on both nanogratings and anisotropic pillars. It 
will be interesting to repeat these experiments to understand the effects of cell 
elongation on cellular differentiation using protein patterns. Furthermore, a 
comparison using both nanotopography and protein patterns will provide an 
understanding of the difference between the two.  
7.2.2 Cell type – other types of stem cell 
As the transdifferentiation of hMSCs into unconventional neuronal lineage could be 
controversial, the use of a different stem cell type could be beneficial although most 
cell differentiation protocols require the use of chemical growth factors which will be 
difficult to decouple from the findings. It is also noteworthy to consider the 
limitations of a short time period (7day) differentiation of hMSCs into neurons. 
7.2.3 FAK constructs and downstream targets 
In this study, we used a small molecule targeting FAK phosphorylation and siRNA to 
inhibit FAK activity. The use of a FAK construct that cannot be auto-phosphorylated 
will further verify our hypothesis. While we identified a role for FAK in topography-
induced hMSC differentiation, it will also be important to identify the FAK 
downstream targets that are involved in this signal transduction process.  
7.2.4 Effect of nanotopography on integrins activation and localization 
As integrins are the first receptors to be influenced upon cell adhesion to 
nanotopographical substrates, it will be essential yet difficult to characterize and 
investigate how integrins are affected by the use of nanotopography. Alternatively, 
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antibodies can be used to block certain integrin subtypes but cell adhesion and thus 
viability under such inhibition needs to be considered.  
7.2.5 Early dynamics of FAK 
Our studies conclude that there is an early sensing mechanism within the first 24 
hours of hMSCs on nanotopographical substrates. The dynamics and localization of 
FAK within the first 24 hours on these substrates remains unknown. The spatial 
distribution of focal adhesions on nanoscale topography should first be characterized, 
after which, the recruitment of activated FAK on these substrates can be studied to 
understand FAK dynamics in these adhesion complexes.  
7.2.6 Other focal adhesion proteins 
Due to time limitation, we adopted a candidate approach in our study, focusing on the 
role of FAK signaling in the transduction of topographical cues. Currently, there are a 
few techniques allowing for the high throughput study of protein modifications [20, 
263, 264]. The distribution of different FA components on these patterned substrates 
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